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In 1964 Goben reported a neutron-induced base current 
component with an emitter-to-base voltage dependence of 
exp(qVBE/nkT). The reciprocal slope term, n, was observed 
to increase with decreasing temperature. The room tempera-
ture value of n is about 1.5. The exact nature of the re-
conillination statistics for this neutron-induced base current 
has not been previously studied. 
Since neutron radiation introduces deep energy defect 
levels into the silicon bandgap, the neutron-induced current 
component, in this work, was assumed to have the same nature 
as that suggested by Sah, Noyce and Shockley for recombina-
tion-generation in silicon via non-radiation-induced deep 
levels in the bulk space-charge region. The electrical pro-
perties of a defect state is known, from Shockley-Read-Hall 
statistics, to be primarily characterized by the following 
four parameters: -3 the defect concentration, NR(cm ); the 
defect energy, ER(eV); and the capture cross-sections for 
-2 
electrons and holes, a and a (em ) , respectively. 
n p 
In order to investigate the recombination statistics 
for the neutron-induced current component, several transis-
tor parameters were studied. From capacitance-voltage meas-
urements, the impurity profiles for silicon p-n junction 
transistors were determined. The determination of impurity 
distribution was repeated at various neutron fluences. The 
carrier removal coefficients for holes and electrons were 
calculated as k = 1.8 x 10 8 x N °· 442 and p 0 
ii 
l 4 0 10 8 N 0.444 . l · <.n = • x x ~ 0 , respectl ve y, where N0 lS the ini-
tial impurity concentration. ~ very detailed table of cor-
rection factors (needed for the impurity distribution de-
termination of diffused junctions and junction devices from 
capacitance-voltage measurements) was developed and is pre-
sented in this paper. 
The theoretical dependence of diffusion potential, VT, 
on neutron fluence has been developed and confirming ex-
perimental measurements have been made. 
From a temperature study of transistor voltage-current 
characteristics, the activation energies of the neutron-
induced defect levels were calculated: 0.23eV in the emit-
ter-base space-charge region and 0.35eV in the "neutral" 
base region. This paper presents a recombination statisti-
cal model for the neutron-induced base current component 
which has been proved of bulk origin and must be attributed 
to recombination in the bulk emitter-base space-charge re-
gion. A single dominant energy level, 0.23eV, was assumed 
and used in the statistical model fitting. This assumption 
was proved to be valid, for low to moderate neutron fluences, 
from the predicted and observed n values. 
Minority carrier lifetime measurements were made at 
various neutron fluences. The lifetime radiation damage 
1 1 t d 2.3 X lo - 7 (nvt- 1 -sec-1 ) factors were ca cu a e 1 for elec-
The capture 
cross-sections for holes and electrons were determined, 
16 2 -15 -2 1.8 x 10- (em- ) and 8.1 x 10 (em ) 1 respectively. 
iii 
These capture cross-sections arc in good agreement with 
those of Messenger, Spratt, Walters and Landis. This im-
plies that minority carrier lifetime measurements give good 
results in the determination of capture cross-sections if 
high accurate lifetime measurements are available. 
This paper presents a derivation of the recombination 
statistical model for the neutron-induced base current com-
ponent. The derivation was based on the assumptions: 1} 
the current equation for the induced current component de-
veloped by Goben is valid; 2) the Shockley-Read-Hall statis-
tics for holes and electrons are applicable; and 3) the re-
combination statistics derived by Sah, Noyce and Shockley, 
for sites in the bulk space-charge region are valid. Sever-
al examples were presented to emphasize accuracy of this 
derived model for predictions. This paper shows that the 
recombination process may be described by a mathematical mo-
del, recombination statistics which depend on the diffusion 
potential, the junction voltage, the activation energy, and 
the capture cross-sections for holes and electrons. This 
paper also shows that the statistical model will predict the 
correct value for n when the model lS accurately fitted to 
the physical process. Temperature dependence of this reci-
procal slope term was involved explicitly in the statistics 
model. Examples are presented to illustrate the utility of 
such a recombination statistical model in predicting the 
base current for p-n junction transistors with considerable 
accuracy. 
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The statistics of the recombination of holes and elec-
trons in semiconductors was first derived by Shockley and 
l-3 Read . The derivation was based on the assumption that 
l 
the recombination-generation occurs through the mechanism of 
recombination centers or traps. Four basic processes were 
assumed to be involved in this recombination-generation 
through the recombination centers: l) hole capture; 2) hole 
. . 3) l t t d 4) l t . . l, 2 , 4 emlSSlon; e ec ron cap ure; an e ec ron emlSSlon . 
Based on Shockley-Read-Hall Statistics1 ' 2 ' 4 , Sah et al. 5 ' 6 
have developed a theory of p-n junctions taking into account 
the recombination-generation of the carriers in the space-
charge (transition) region. It has been observed, for some 
types of junctions, that the measured current-voltage char-
acteristics deviate from the ideal case of the diffusion 
l-3 
model . 5 Sah, Noyce and Shockley showed that the current 
caused by recombination-generation in the space-charge re-
gion of a p-n junction accounts for the observed character-
istics. Their model not only accounts for the nonsaturable 
reverse current, but also predicts an apparent exp(qV/nkT) 
dependence of the forward current in a p-n junction. Some 
other important conclusions have been made 5 the emitter 
efficiency of silicon transistors will increase with emitter 
current; the energy levels of the most effective recombina-
tion centers are within a few kT of the intrinsic Fermi 
level. 
In a junction transistor, the collector current varies 
with emitter-base voltage as exp(qVBE/kT), while the base 
current is composed of several components and varies with 
VBE as exp(qVBE/nkT) with different values of n; these are 
listed in Table I-1. In order to study the nuclear radia-
tion effects on silicon p-n junction transistors, the last 
component in Table I-1 was considered throughout this in-
2 
vestigation. This component was identified by Goben 8 - 12 and 
has the following expression13 
where xm(VBE) = depletion layer width (em), 
IBN = neutron-induced base current component (amp) , 
damage constant 3 (amp/em /nvt) , 
AE = effective emitter area 
¢ = neutron fluence (nvt) , 
2 (em ) , 
q = electron charge (1.6 x lo-19coul), 
VBE = emitter-base voltage (volt), 
n ~ 1.5 at T = 300°K, 
k = Boltzmann's constant, 
T =temperature (°K). 
One important limitation of transistors operated in a 
neutron environment is the decrease in transistor current 
gain observed upon exposure to neutron irradiation. The re-
duction in current gain results from the degradation of mi-
nority lifetime in the base region (i.e., to the resultant 
. mb. . t 14-18) reductlon of the base reco lnatlon erm and the re-
d . . ff" . 8-12 uctlon in the emltter e lClency . In Goben's work 8 - 12 , 
Table I-1. Identified junction transistor 
base current components. 
Voltage 






n ~ 1.5 
exp(qV/mkT) 
2 < m < 4 
exp(qV/nkT) 
n ~ 1.5 
Bulk recombination-generation, which follows 
the ideal diffusion theory given by Shockley1 
for uniform base transistors and extended to 
7 the general case by Moll and Ross . 
Bulk recombination-generation in the space-
charge region which dominates the base cur-
t t l d . . 5 ren a ow current ensltles . 
Surface recombination-generation in the 
h . 2,6,7 space-c arge reglon 
Surface channel, m of values larger than 4 
3 5-7 have been noted for large charge ' . 
Bulk recombination-generation in the bulk 
space-charge region, when the transistor is 
d t . d. . 8-12 expose to neu ron lrra latlon . 
it was shown that the emitter efficiency is indeed a very 
sharply decreasing function of neutron fluence and is res-
ponsible for a large fraction of the neutron degradation of 
transistor current gain. Transistors provide a definite ad-
vantage over semiconductor bulk materials for study~ng radi-
ation effects since they permit measurement of base lifetime 
in the range from several hundred microseconds down to the 
nanosecond range, whereas determination of lifetime by pho-
toconductivity in bars of semiconductor material is in gen-
eral limited to the range greater than one microsecond. 
4 
The reciprocal slope term, n, ln exp(gVDE/nkT) was ob-
8-12 . 
served to lncrease with decreasing temperature from 1.5 
at room temperature to 1.6 ~ 1.7 at -50°C and to decrease 
with increasing temperature to 1.3 at 100°C. In the work by 
19 Aukerman, Millea and McColl , it was shown that n varies 
with temperature as 
1 
n = 1 + bkT' ( 1-2) 
where b had the value of 70 ~ 80eV-l for GaAs p-n junction 
17 -3 transistors with a doping level of 2 x 10 (em ) . This in-
dicates that n is not a universal constant and suggests the 
possibility that n may depend upon some fundamental parame-
ters. 
The defects produced by neutron radiation have the fol-
lowing effects 20 on the electrical characteristics of the 
crystal: 
1. Majority carriers are trapped at the defect centers 
a·ld cannot contribute to the conductivity. This 
trapping increases the resistivity of both n- and 
p- type crystals. Whether the resistivity in-
creases equally in the n- and p- type materials de-
pends on the location (energy levels) and number of 
traps in the particular material. 
2. Increased scattering of the free carriers results 
in a decrease in mobility, which increases there-
sistivity even more. 
5 
3. Excess carriers recombine sooner, resulting in a 
shorter diffusion length and a higher recombination 
rate. 
4. The emergence of the neutron-induced component of 
base current reduces the emitter efficiency and 
thereby causes the degradation of transistor cur-
rent gain. 
It can be expected that the dominant effect8 causing 
changes in transistor parameters is the decrease in minority 
carrier lifetime and degradation of the emitter efficiency. 
Second order effects will be caused by the radiation-induced 
centers acting as deep lying traps as discussed previously. 
At higher exposure levels, more defects are available to 
scatter free carriers, causing a decrease in the carrier roo-
bilities. 
In a word, most electrical effects of radiation damage 
in semiconductors arise from the introduction of defect 
states into the forbidden band. From the recombination sta-
tistics developed by Shockley, Read and Hall (SRH} l- 4 I one 
knows that the electrical properties of a defect state may 
be largely described by four parameters: the defect concen-
tration -3 (NR, ern } i the defect energy (ER, eV) ; and. two 
cross sections, the hole capture cross section (o , p 
-2 





combination process may be described by a mathematical model, 
recombination statistics, and these recombination statistics, 
which depend on the above mentioned parameters, will predict 
6 
the correct value for n when the model is accurately fitted 
to the physical process. This paper presents the study of 
the recombination statistics of the neutron-induced base 
current component. 
In order to study the recombination statistics for the 
neutron-induced base current component (i.e., for the reci-
procal slope term, n) several parameters were investigated. 
Capacitance-voltage measurements led to the determination of 
. 't d' t 'b t' 21 , 22 h' h h 1 d 1 lmpurl y lS rl u lOn w lC was t en emp oye to ca -
culate the concentration of neutron-induced defect levels, 
NR' and the dependence of the diffusion potential (VT} on 
neutron fluence. The activation energy, ER' has been stud-
ied by several investigators, and the values determined 
were in good agreement with that presented here: 3-1le current-
t h t . t. . ld d 1 ' 28 t. . emperature c arac erls lCS yle e an ac lvatlon energy 
which was used in this investigation and had a value very 
close to the above-mentioned values (0.23eV). 
The formulae for obtaining the limiting lifetimes, T pr 
and -r from transistor lifetimes in various regions were 
nr 
derived in this work. The capture cross-sections for holes 
and electrons were then calculated from NR' -r and T pr nr 
All these parameters were used in the construction of a sta-
tistical model for the reciprocal slope term, n, in 
exp(qVBE/nkT). 
Based on the model for the neutron-induced base current 
component developed by Goben 8- 12 and the recombination 
7 
statistics the space-charge region given by Sah et a1. 5 ' 6 , 
this paper develops a recombination statistical model for 
the neutron-induced base current component. This model can 
be used for predicting the base current of any diffused 
junction transistors and may be extended to a more general 
model for other types of transistors. The dependence of the 
reciprocal slope term (n) on temperature is implicitly in-
cluded in the developed recombination statistical model. 
The exponential fall-off rate for the density states was 
also studied in this paper. 
II. Dl~TERMIN.l\TION OF IHPURITY DISTRIBUTION, CONCENTRATION 
OF NEUTRON-INDUCED DEFEC'l' CEN'I'ERS, DIFFUSION 
POTEN'l'I.l\L, AND FERMI ENERGY FROM C-V IvlEASUREMENTS 
A. Impurity Distribution in a Junction Diode 
The basic idea21 used in the determination of the im-
purity distribution a p-n junction is that the variation of 
the junction depletion layer width depends on the ionized 
impurity concentration at the edge of the depletion layer. 
8 
The desired result was obtained from a double integration of 
Poisson's equation. 
The analysis of impurity distribution determination has 
been derivect 21 for a specified junction model, the "one-
sided" junction, under the following assumptions: 
1. The junction is planar. 
2. The impurity concentration is much higher on one 
side of the junction than on the other, the deple-
tion layer extends only into the 1nore lightly doped 
side of the junction. 
3. The impurity atoms are completely ionized. 
4. The applied potential appears entirely across the 
junction. 
The results for some types of junctions have also been ob-
. d21 taJ.ne . 
Under these assumptions, the net impurity concentration, 
NT , at the edge of the depletion layer of the "one-sided" 





where A the junction area (cm2 ), 
-19 q = electron charge (1.6 x 10 coulomb), 
s = semiconductor permittivity (farad/em). 
The impurity profile, N(x), was obtained from a series of 
capacitance-voltage (C-V) measurements, each of which yield-
ed an impurity concentration value using equation (2-1). 
The assumption of a one-sided junction was not accurate 
for diffused junctions. Diffused junctions are characterized 
by several types of impurity distributions depending on the 
method employed for carrylng out the diffusion. Two impor-
tant types of diffused junctions are decribed briefly and 
are illustrated in Figure II-1. 
1. For the case of diffusion from the gaseous vapor 
where, 
where the surface concentration is always constant, 
the impurity distribution is governed by the com-
plementary error function, 
N(x) = N
0 
• erfc(x/14Dt) -NBC 
-3 N = surface concentration (em ) , 
0 
-3 NBC = background concentration (em ) , 
(2-2) 



























x = 0 
Gaussian function 
Erfc function 
Linear grade approximation, a 
X _...,......___ x2 1 
10 
Figure II-1. Impurity profile and depletion layer 
characteristics for diffused junctions. 
t = diffusion time {sec) , 
LE = l/14Dt. 
2. For the case of the diffusion which proceeds from 
a fixed concentration at the surface, one can ob-
tain a Gaussian impurity distribution given by 
N{x) = N0 2 • exp(-x /4Dt) - NBC 
2 2 
exp(-LBx ) - NBC (2-3) 
11 
The impurity distribution in the vicinity of a diffused 
junction can usually be approximated by either equation 
(2-2) or equation (2-3) or a combination of the two equa-
tions. It has been shown 21 that the impurity concentrations 
at the opposite edges of the depletion layer are related to 
the equivalent impurity concentration for the "one-sided" 
junction by 
1 1 
= N + N' 1 2 
( 2-4) 
where N1 , N2 - impurity concentrations at the depletion 
layer edges of a diffused junction at a spec-
ified voltage, 
NT = concentration given by equation (2-1) for the 
"one-sided" junction with the same voltage. 
In order to determine N1 and N2 , the curves developed by 
Lawrence and 'ivarner 21 ' 29 for the division of the depletion 
layer width, xm, between the widths of the two sides, x 1 and 
x 2 , 1n a diffused junction and the correction factors pre-
pared by Hilibrand and Gold 21 were used (The author has pre-
pared a more complete table of these correction factors, see 
Tab 1 e I I- 1 ) . 
B. A Computer Program for the Determination of Parameters 
Schottky30 pointed out that the impurity distribution 
of junction devices could be determined from the dependence 
of transition capacitance on junction voltage. For abrupt 
Table II-1. Correction factors for diffused junctions. 
X1/XM N1/NT N2/NT X1/XM N1/NT N2/NT X1/XM N1/NT N2/NT 
0.500 2.000C 2.0000 0.499 2.0069 1. 9931 0.498 2.0139 1. 9863 
0.497 2.0210 1.9794 0.496 2.0282 1. 9725 0.495 2.0355 1. 9657 
0.494 2.0430 1.9588 0.493 2.0505 1.9519 0.492 2.0581 1. 9451 
0.491 2.0658 1.9382 0.490 2.0737 1. 9314 0.489 2.0817 1. 9245 
0.488 2.0898 1. 9176 0.487 2.0980 1.9108 0.486 2.1063 1. 9039 
0.485 2.1148 1.8970 0.484 2.1234 1.8902 0.483 2.1321 1.8833 
0.482 2.1410 1. 8764 0.481 2.1500 1. 8696 0.480 2.1591 1.8627 
0.479 2.1684 1. 8558 0.478 2.1779 1.8490 0.477 2.1875 1. 8421 
0.476 2.1972 1. 8353 0.475 2.2072 1.8284 0.474 2. 2172 1. 8215 
0.473 2.2275 1. 814 7 0.472 2.2379 1. 8078 0.471 2.2485 1.8009 
0.470 2.2593 1.7941 0.469 2.2703 1. 7872 0.468 2.2815 1.7803 
0.467 2.2929 1. 7735 0.466 2.3044 1.7666 0.465 2.3162 1.7597 
0.464 2.3282 1. 7529 0.463 2.3404 1. 7460 0.462 2.3529 1. 7392 
0.461 2.3656 1. 7323 0.460 2.3785 l. 7254 0.459 2.3917 l. 7186 
0.458 2.4051 1. 7117 0.457 2.4188 1. 7048 0.456 2.4327 1. 6980 
0.455 2.4470 1. 6911 0.454 2.4615 1.6842 0.453 2.4763 ! . . ) 774 
0.452 2.4914 1. 6 705 0.451 2.5068 1. 6636 0.450 2.5225 1.6568 
0.449 2.5325 1. 6525 0.448 2.5427 1.6482 0.447 2.5529 1. 6439 
0.446 2.5633 1. 6397 0.445 2.5739 1. 6354 0.444 2.5846 1. 6311 
0.443 2.5954 1.6268 0.442 2.6064 1. 6225 0.441 2.6175 1. 6182 
0.440 2.6288 1.6139 0.439 2.6403 1. 6097 0.438 2.6519 1. 6054 
0.437 2.6637 1. 6011 0.436 2.6756 1.5968 0.435 2.6877 1. 5925 
0.434 2.7000 1. 5882 0.433 2.7125 1. 5839 0.432 2. 7252 1.5796 
0.431 2.7380 1. 5754 0.430 2.7511 1. 5711 0.429 2.7643 1.5668 
0.428 2. 7778 1. 5625 0.427 2.7914 1. 5582 0.426 2.8053 1. 5539 
0.425 2.8194 1.5496 0.424 2.8337 1. 5454 0.423 2.8482 1. 5411 
0.422 2.8629 1. 5368 0.421 2.8779 1. 5325 0.420 2.8932 1. 5282 
0.419 2.9087 1. 5239 0.418 2.9244 1. 5196 0.417 2.9404 1. 5154 
0.416 2.9567 1. 5111 0.415 2.9732 1. 5068 0.414 2.9901 1. 5025 
0.413 3.0072 1.4982 0.412 3.0246 1. 4939 0.411 3.0423 1. 4896 
0.410 3.0604 1.4854 0.409 3.0787 1.4811 0.408 3.0974 1. 4 768 
1-' 
N 
Table II-1. Continued. 
X1/XM N1/NT N2/NT X1/XM N1/NT N2/NT Xl/XM Nl/NT N2/NT 
0.407 3.1164 1.4725 0.406 3.1358 1. 4682 0.405 3.1555 1. 4639 
0.404 3.1756 1. 4596 0.403 3.1961 l. 4553 0.402 3.2170 1. 4511 
0.401 3.2383 l. 4468 0.400 3.2599 1.4425 0.399 3.2733 1.4399 
0.398 3.2868 1.4373 0.397 3.3004 1. 434 7 0.396 3.3143 1.4321 
0.395 3.3283 l. 4295 0.394 3.3425 1. 4269 0.393 3.3568 1. 4243 
0.392 3.3714 1. 4217 0.391 3.3861 1. 4191 0.390 3.4010 1. 4165 
0.389 3.4161 1.4139 0.388 3.4313 1.4113 0.387 3.4468 1.4087 
0.386 3.4625 1. 4061 0.385 3.4783 1. 4035 0.384 3.4944 1. 4009 
0.383 3.5107 1. 3983 0.382 3. 52 72 1. 3957 0.381 3.5439 1. 3931 
0.380 3.5608 1. 3905 0.379 3.5780 1.3879 0.378 3.5954 l. 3853 
0.377 3.6130 l. 3827 0.376 3.6309 1.3801 0.375 3.6490 1.3775 
0.374 3.6674 1. 3749 0.373 3.6860 1.3723 o. 372 3.7049 1. 3,S97 
0.371 3.7241 1.3671 0.370 3.7435 1. 3645 0.369 3.7632 1. 3619 
0.368 3.7832 l. 3593 0.367 3.8035 l. 3567 0.366 3.8241 1.3541 
0.365 3.8450 l. 3515 0.364 3.8662 1. 3489 0.363 3.8877 l. 3.;.63 
0.362 3.9096 l. 3437 0.361 3.9317 1. 3411 0.360 3.9543 1.3385 
0.359 3.9771 1.3359 0.358 4.0003 l. 3333 0.357 4.0239 l. 3307 
0.356 4.0479 l. 3281 0.355 4.0723 l. 3255 0.354 4.0970 l. 3229 
0.353 4.1221 l. 3203 0.352 4.1477 l. 3177 0.351 4.1737 1. 3151 
0.350 4.2000 1. 3125 0.349 4.2200 1. 3106 0.348 4.2402 l. 3086 
0.347 4.2607 l. 3067 0.346 4.2815 1. 3147 0.345 4.3025 1.3028 
0.344 4.3238 1.3009 0.343 4. 3454 1.2989 0.342 4. 36 72 1.2970 
0.341 4.3894 1. 2950 0.340 4.4118 l. 2931 0.339 4.4346 1.2912 
0.338 4.4576 1. 2892 0.337 4.4809 1.2873 0.336 4.5046 1.2253 
0.335 4.5286 1. 2834 0.334 4.5529 1. 2815 0.333 4.5776 1.2795 
0.332 4.6026 1.2776 0.331 4.6280 1.2756 0.330 4.6537 1.2737 
0.329 4.6797 1.2718 0.328 4.7062 1. 2698 0.327 4.7330 1. 26 79 
0.326 4.7603 1. 2659 0.325 4.7879 1.2640 0.324 4.8160 1.2621 
0.323 4.8444 1. 2601 0.322 4.8733 1. 2582 0.321 4.9026 1.2562 
0.320 4.9324 1. 2543 0.319 4.9626 1. 2524 0.318 4.9933 l. 2504 
0.317 5.0245 1.2485 0.316 5.0562 1. 2465 0.315 5.0884 1. 2446 
r-' 
w 
Table II-1. Continued. 
Xl/XM N1/NT N2/NT X1/XM N1/NT N2/NT X1/XM N1/NT N2/NT 
0.314 5.1210 1. 2427 0.313 5.1543 1.2407 0.312 5.1880 1. 2388 
0.311 5.2223 1. 2368 0.310 5.2572 1. 2349 0.309 5.2927 1. 2330 
0.308 5.3287 1. 2310 0.307 5.3654 1. 2291 0.306 5.4027 1.2271 
0.305 5.4406 1. 2252 0.304 5.4792 1.2233 0.303 5.5184 1. 2213 
0.302 5.5584 1. 2194 0.301 5.5991 1.2174 0.300 5.6404 1. 2155 
0.299 5.6726 1. 2140 0.298 5.7053 1. 2125 0.297 5.7384 1. 2110 
0.296 5.7720 1.2096 0.295 5.8061 1.2081 0.294 5.8407 1. 2066 
0.293 5.8757 1. 2051 0.292 5.9113 1. 2036 0.291 5.9474 1. 2021 
0.290 5.9841 1. 2006 0.289 6.0213 1.1992 0.288 6.0590 1.1977 
0.287 6.0974 1.1962 0.286 6.1363 1.1947 0.285 6.1758 1.1932 
0.284 6.2159 1.1917 0.283 6.2566 1.1902 0.282 6.2980 1.1888 
0.281 6.3401 1.1873 0.280 6.3828 1.1858 0.279 6.4262 1.1843 
0.278 6.4703 1.1828 0.277 6.5151 1.1813 0.276 6.5607 1.1798 
0.275 6.6070 1.1783 0.274 6.6542 1.1769 0.273 6.7021 1.1754 
0.272 6.7508 1.1739 0.271 6.8004 1.1724 0.270 6.8508 1.1709 
0.269 6.9021 1.1694 0.268 6.9543 1.1679 0.267 7.0075 1.1665 
0.266 7.0616 1.1650 0.265 7.1167 1.1635 0.264 7.1728 1.1620 
0.263 7.2300 1.1605 0.262 7.2882 1.1590 0.261 7.3475 1.1575 
0.260 7.4079 1.1561 0.259 7.4696 1.1546 0.258 7.5324 1.1531 
0.257 7.596~ 1.1516 0.256 7.6617 1.1501 0.255 7.7283 1.1486 
0.254 7.7964 1.1471 0.253 7.8656 1.1457 0.252 7.9364 1.1442 
0.251 8.0086 1.1427 0.250 8.0822 1.1412 0.249 8.1257 1.1403 
0.248 8.1698 1.1395 0.247 8.2143 1.1386 0.246 8.2595 1.1378 
0.245 8.3052 1.1369 0.244 8.3514 1.1360 0.243 8.3984 1.1352 
0.242 8.4459 1.1343 0.241 8.4940 1.1334 0.240 8.5427 1.1326 
0.239 8.5920 1.1317 0.238 8.6421 1.1309 0.237 8.6928 1.1300 
0.236 8. 7441 1.1291 0. 235 8.7962 1.1283 0.234 8.8489 1.1274 
0.233 8.9024 1.1265 0.232 8.9566 1.1257 0.231 9.0116 1.1248 
0.230 9. 0672 1.1240 0.229 9.1237 1.1231 0.228 9.1810 1.1222 
0.227 9.2391 1.1214 0.226 9.2981 1.1205 0.225 9.3579 1.1196 
0.224 9.4185 1.1188 0.223 9.4801 1.1179 0.222 9.5425 1.1171 
1--' 
.:::. 
Table II-1. Continued. 
X1/XM N1/NT N2/NT X1/XM N1/NT N2/NT X1/XM N1/NT N2/NT 
0.221 9.6059 1.1162 0.220 9.6701 1.1153 0.219 9.7354 1.1145 
0.218 9.8017 1.1136 0.217 9.8690 1.1128 0.216 9.9374 1.1119 
0.215 10.0068 1.1110 0.214 10.0772 1.1102 0.213 10.1488 1.1093 
0.212 10.2216 1.1084 0.211 10.2955 1.1076 0.210 10.3706 1.1067 
0.209 10.4468 1.1059 0.208 10.5244 1.1050 0.207 10.6032 1.1041 
0.206 10.6834 1.1033 0.205 10.7649 1.1024 0.204 10.8478 1.1015 
0.203 10.9321 1.1007 0.202 11.0179 1. 0998 0.201 11.1052 1. 0990 
0.200 11.1937 1. 0981 0.199 11.2951 1.0971 0.198 11.3985 1. 0962 
0.197 11.5040 1.0952 0.196 11.6117 1.0942 0.195 11.7216 1. 0933 
0.194 11.8339 1. 0923 0.193 11.9484 1. 0913 0.192 12.0655 1. 0904 
0.191 12.1850 1.0894 0.190 12.3072 1.0884 0.189 12.4321 1. 0875 
0.188 12.5598 1.0865 0.187 12.6903 1.0855 0.186 12.8239 1. 0856 
0.185 12.9605 1.0836 0.184 13.1003 1.0826 0.183 13.2434 1. 0817 
0.182 13.3900 1.0807 0.181 13.5401 1. 0797 0.180 13.6939 1. 0788 
0.179 13.8515 1. 0778 0.178 14.0130 1.0768 0.177 14.1787 1. 0759 
0.176 14.3486 1.0749 0.175 14.5230 1. 0739 0.174 14.7020 1. 0730 
0.173 14.8858 1. 0720 0.172 15.0747 1. 0710 0.171 15.2685 1.0701 
0.170 15.4679 1.0691 0.169 15.6730 1. 0682 0.168 15.8840 1.0672 
0.167 16.1011 1. 0662 0.166 16.3247 1. 0653 0.165 16.5550 1. 0643 
0.164 16.7923 1. 0633 0.163 17.0369 1. 0624 0.162 17.2893 1. 0614 
0.161 17.5497 1.0604 0.160 17.8186 1. 0595 0.159 18.0964 1. 0585 
0.158 18.3835 1.0575 0.157 18.6805 1.0566 0.156 18.9877 1.0556 
0.155 19.3058 1. 0546 0.154 19.6354 1.0537 0.153 19.9770 1.0527 
0.152 20.3314 1.0517 0.151 20.6993 1. 0508 0.150 21.0804 1. 0498 
0.149 21.2506 1.0494 0.148 21.4234 1. 0490 0.147 21.5991 1. 0485 
0.146 21.7783 1.0481 0.145 21.9602 1. 04 77 0.144 22.1453 1. 04 73 
0.143 22.3342 1.0469 0.142 22.5260 1.0465 0.141 22.7218 1. 0460 
0.140 22.9207 1. 0456 0.139 23.1232 1.0452 0.138 23.3301 1.0448 
0.137 23.5403 1.0444 0.136 23.7546 1. 0439 0.135 23.9734 1. 0435 
0.134 24.1960 1. 0431 0.133 24.4230 1.0427 0.132 24.6549 1. 0423 
0.131 24.8910 1.0419 0.130 25.1318 1. 0414 0.129 25.3781 1.0410 
1--' 
(JJ 
Table II-1. Continued. 
X1/XM N1/NT N2/NT X1/XM N1/NT N2/NT X1/XM N1/NT N2/NT 
0.128 25.6289 1.0406 0.127 25.8849 1.0402 0.126 26.1469 1. 0389 
0.125 26.4138 1.0393 0.124 26.6865 1. 0389 0.123 26.9658 1. 0385 
0.122 27.2505 1.0381 0.121 27.5415 1. 0377 0.120 27.8398 1. 0373 
0.119 28.1441 1.0368 0.118 28.4554 1. 0364 0.117 28.7746 1. 0360 
0.116 29.1006 1. 0356 0.115 29.4344 1. 0352 0.114 29.7770 1. 034 7 
0.113 30.1271 1.0343 0.112 30.4859 1.0339 0.111 30.8544 1. 0335 
0.110 31.2314 1. 0331 0.109 31.6180 1. 0327 0.108 32.0156 1. 0322 
0.107 32.4227 1.0318 0.106 32.8406 1. 0314 0.105 33.2708 1. 0310 
0.104 33.7118 1. 0310 0.103 34.1649 1. 0302 0.102 34.6319 1.0297 
0.101 35.1111 1. 0293 0.100 35.6030 1. 0289 0.099 36.0354 1. 0285 
0.098 36.4776 1.0282 0.097 36.9310 1. 0278 0.096 37.3975 1.0275 
0.095 37.8749 1.0271 0.094 38.3651 1.0268 0.093 38.8698 1. 0264 
0.092 39.3869 1. 0261 0.091 39.9183 1.0257 0.090 40.4646 1.0253 
0.089 41.0281 1. 0250 0.088 41.6063 1. 0246 0.087 42.2014 l. 0243 
0.086 42.8159 1. 0239 0.085 43.4473 1. 0236 0.084 44.0981 l. 0232 
0.083 44.7691 1.0228 0.082 45.4632 1. 0225 0.081 46.1778 1.0221 
0.080 46.9156 1.0218 0.079 47.6801 1. 0214 0.078 48.4684 l. 0211 
0.077 49.2835 1. 0207 0.076 50.1297 1. 0204 0.075 51.0036 1. 0200 
0.074 51.9091 1. 0197 0.073 52.8481 1.0193 0.072 53.8250 1. 0189 
0.071 54.8366 1.0186 0.070 55.8878 1. 0182 0.069 56.9838 1. 0179 
0.068 58.1213 1. 0175 0.067 59.3060 1. 0172 0.066 60.5443 1. 0168 
0.065 61.8329 1.0164 0.064 63.1785 1. 0161 0.063 64.5847 1. 0157 
0.062 66.0602 1.0154 0.061 67.6016 1.0150 0.060 69.2178 1.0147 
0.059 70.9190 1.0143 0.058 72.7024 1. 0139 0.057 74.5791 1. 0136 
0.056 76.5567 1. 0132 0.055 78.6493 1.0129 0.054 80.8550 1. 0125 
0.053 83.1897 1.0122 0.052 85.6718 1.0118 0.051 88.3013 1.0115 
0.050 91.0916 1. 0111 0.049 92.9320 1. 0109 0.048 94.8491 1.0107 
0.047 . 96.8479 1.0104 0.046 98.9337 1.0102 0.045 101.1027 1. 0100 
0.044 103.3800 1.0098 0.043 105.7633 1.0095 0.042 108.2602 1.0093 
0.041 110.8676 1.0091 0.040 113.6169 1. 0089 0.039 116.5074 1. 0087 




junctions, the proportionality of l/C 2 and the applied vol-
tage has been used by Goldstein 31 , and of 1;c3 and the ap-
plied voltage for linearly graded junctions has been de-
32 33 
scribed by McAfee et al. , and Greenberg et al. . 
For the determination of the impurity distribution in 
junction diodes from capacitance-voltage measurements dif-
ferentiation of the raw C-V data is necessary. The precise 
C-V data required for the impurity concentration determina-
tion were taken from the capacitance system consisting of a 
Micro Instruments 1201DS Capacitance Tester, Dymec 2901A and 
2902A Master and Slave Scanner/Programmers, a Dymec 2401C-
M31 Digital Voltmeter, and a John Fluke 383B Voltage/Current 
Calibrator for supplying the precise bias. The raw c-v data 
obtained from the capacitance system was smoothed by a di-
gital computer. 
A series of clusters (8 in this work) of six voltage-
capacitance points, at one or two per cent intervals in ca-
pacitance, was taken to obtain a series of impurity concen-
tration values for several depletion layer widths. It was 
assumed that the capacitance could be given by the following 
equation for the range covered by each cluster , 
c = 
K 
(-V + V )m' T 
and equation (2-1) becomes 
2 (-v + v )1-2m a T ' A qEm 
(2-5) 
(2-6) 
and the location of the edge of the depletion layer, 
given by 
At. 
xm = C' 
·a 
where K, VT, m = constants within each cluster, 
1.8 
x m is 
m 
( 2-7) 
NT = impurity concentration for the "one-sided" 
junction, 
6 
Va = igl Vi/6, average voltage of a cluster 
= capacitance corresponding to V . 
a 
The capacitance-voltage data were used as the input of 
a computer program; a non-linear least-squares fit was used 
to obtain a best fit for the capacitance calculated from 
equation (2-5). The output of the computer program yielded 
following items: 
1. the constants K, VT and m, 
2. the average Va and c for each cluster, a 
3. the impurity concentration NT, and 
4. the location of the edge of the depletion layer, xm. 
C. Impurity Profile of Epitaxial-Planar Transistors 
In this work, it was assumed that the impurity distri-
bution of epitaxial-planar transistors have depth dependence 
(x) of 
N (x) (2-8) 
19 
where NBC = the background concentration, 
NOE = the surface concentration for the emitter 
diffusion, 
NOB = the surface concentration for the base diffusion, 
X = the depth (distance from the surface). 
The technique which was used for the determination of 
the impurity concentration of a p-n junction was employed 
for both the emitter-base and base-collector junctions. The 
impurity profile in the vicinity of metallurgical junctions 
was determined by forward biased capacitance measurements, 
and that in the normally "neutral regions" adjacent to june-
tion depletion layers was determined by reverse biased ca-
pacitance measurements. The impurity concentration data ob-
tained for region adjacent to the junctions were then used 
in the fitting of N(x) given by equation (2-8}. Typical va-
lues of NOE = 2.5 
16 -3 
20 -3 
x 10 em , NOB = 
1.1 x 10 em , LE = 
were obtained. 
4 -1 1.15 x 10 em 
6.0 18 -3 x 10 em , NBC = 
and 2 8 -2 LB = 0.69 X 10 em 
2 
Table II-2 lists the values of NOE' NOB' NBC' LE and LB for 
Device SF2523 #40 at different neutron fluences. A typical 
impurity profile for the same device is shown in Figure 
II-2. The impuri t:/ profiles at various neutron fluences for 
the device are illustrated in Figure II-3. 
D. The Concentration of Neutron-Induced Defect Centers 
The impurity distribution at various neutron fluences 

















Table II-2. Parameters for impurity distribution 
(Device SF2523 #40). 
NOE NOB NBC LE L--z 
<P (nvt) B 
(1020 em- 3 ) '(1018 em -3) (1016 em - 3 ) (104 em - 1 ) (10 7 em - 2 ) 
0.0 2.505 6.014 1.300 1.115 6.776 
l.Oxlo 12 2.505 6.001 1.299 1.115 6.777 
5.9xlo12 2.505 5.983 1.298 1.116 6.778 
1.2xlo13 2.505 5.947 1.292 1.117 6.779 
2.1x10 13 2.505 5.901 1.289 1.118 6.780 
3.9xlo13 2.504 5.858 1.285 1.118 6.782 
-- f-
6.2xlo 13 2.504 5.789 1.279 1.120 6.785 
8.3xlo 13 2.503 5.738 1.272 1.121 6.787 
l.Oxlo14 2.503 5.694 1.270 1.122 6.790 
-
1.8xlo14 2.502 5.651 1.242 1.123 6.793 
2.3xlo 14 2.501 5.607 1.225 1.125 6.811 
2.9xlo 14 2.500 5.545 1.211 1.126 6.815 
3.3x1o14 2.499 5.539 1.199 1.126 6.822 
4.lx1o14 2.498 5.532 1.175 1.127 6.851 








Figure II-2. Typical epitaxial-planar transistor 
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Figure II-3. Epitaxial-planar transistor impurity profile 
at various neutron fluences (Device SF2523 #40). 
. 34-37 has the following empirical exprcsslon 
where N0 = pre-irradiated concentration (cm- 3 ), 
~N = change in concentration (cm- 3 ), 
(2-9) 
N = post-irradiated concentration (cm- 3 } = N0 - ~N, 
k ' k n p 
¢ = neutron fluence (nvt) , 
= carrier removal coefficient (cm- 2 ) for n- and 
p- type carriers, respectively. 
Figure II-4 shows the relationship between the carrier 
removal coefficients and the initial carrier concentrations. 
A straight line was tried to fit the experimental data. 
With this straight line fitting, then one can have 
kn- 1.8 X 10 8 X N0 °· 442 Although a better model can be 
found to fit these data (as shown by the curve lines in 
Figure II-4}, it is not interesting to the author. 
23 
The concentration of the neutron-induced defect centers, 
. 38 39 NR' has the empirical expresslon ' 
for n-type material (2-10) 
for p-type material (2-11) 
The defect concentrations for Device SF2523 #40 are listed 
in Table II-3. Those defect concentrations were used in 
Chapter IV to determine the limiting lifetimes. 
24 
Table II-3. Defect concentrations for Device SF2523 #40. 
Region Emitter Base Collector 
¢ 
(nvt) (lo
15 cm- 3 ) ( 10 15 em - 3 ) ( 10 14 cm - 3 ) 
¢ = 1.0 X 10 1 ~ 0.18 0.045 0.056 
¢ = 5.9 X 10 1 ~ 0.203 0.051 0.067 
¢ = 1.2 X lo
1
= 0.232 0.059 0.071 
¢ = 2.1 X 10
1 : 0.278 0.069 0.082 
¢ = 3.9 X 10
1 : 0.369 0.091 0.103 
¢ = 6.2 X 10
1 : 0.488 0.122 0.145 
¢ = 8.3 X 10 1 ~ 0.591 0.148 0.172 
¢ = 1.0 X 10 1 ~ 0.695 0.173 0.189 
¢ = 1.8 X 10 1 ~ 1.078 0.269 0.301 
¢ = 2.3 X 10 1 ~ 1.343 0.348 0.392 
--· 
¢ = 2.9 X 1014 1.649 0.403 0.453 
¢ = 3.3 X 10 1 ~ 1.844 0.473 0.541 
¢ = 4.1 X 10 1 ~ 2.245 0.569 0.623 
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k 4.0 X 10 8 N 0.444 = n 0 
k 1.8 X 10 8 N 0.442 = p 0 
Pre-irradiated impurity concentration, N (cm- 3 } 
--0 
Figure II-4. Dependence of carrier removal 




E. The Dependence of the Diffusion Potential on Neutron 
Fluence 
The dependence of diffusion potential on neutron flu-
. . by 29 ence lS glven 
kT 
q I (2-12) 
where n. = intrinsic carrier concentration, 
l 
NA =hole concentration in a p-type semiconductor, 
N0 = electron concentration in a n-type semiconductor. 
The dependence of hole and electron concentrations on neu-




where NAO and N00 are the pre-irradiated concentrations, and 
k and k are the concentration damage constants for holes p n 
and electrons, respectively. 
Substituting equations (2-13) and (2-14} into (2-12) yields, 
(k + k )cp], p n (2-15) 
The intrinsic carrier concentration, n., was assumed to be 
l 
independent of neutron fluence at the low to moderate 
27 
fluences which were considered throughout this investiga-
tion. Finally, the dependence of the diffusion potential on 
neutron fluence is given by 
Therefore, 
V = V kT • K • ~ T TO - q d ~' (2-16) 
= pre-irradiated diffusion potential, 
= post-irradiated diffusion potential, 
= k + k = diffusion potential damage constant. p n 
from equation (2-16), the diffusion potential de-
creases as the neutron fluence increases (see Figure II-5) 
Several methods have been used to find the diffusion 
potentials at various neutron fluences: 
l. The emitter-base junction capacitance was measured 
using a Micro Instrument l201DS Digital Capacitance 
Tester. The depletion layer width of a p-n june-
tion decreases with externally applied forward vol-
tage. If currents and I-R drops were neglected and 
the applied voltage were increased to the diffusion 
potential, the depletion layer width would decrease 
to zero, and the junction capacitance would tend to 
infinity. The externally applied voltage which 
caused CBE to approach infinity (off scale reading 
on the Capacitance Tester) was assumed to be VT. 
2. The value of VT was automatically calculated by the 
computer program which was employed to determine NT' 
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Figure II-5. Dependence of the diffusion potential on neutron fluence at 300°K 
(Device SF2523 #40). 
N (X) 
3. By using the measured values of NAO' NDO and the 
calculated k and k from Sections C and D in this p n 
Chapter, the values of VT were calculated from 
equation (2-16). 
29 
Due to experimental error.and the poor accuracy of off-scale 
reading of externally applied voltages, method 1 did not 
give good data values as was expected because of neglecting 
the I-R drops. Methods 2 and 3 gave nearly identical results 
and the tabulated values of VT in Table II-4 are those ob-
tained from methods 2 and 3o These VT values were used in 
the statistical model fitting for the neutron-induced base 
current component in the later Chapters. 
It is noted that the experimental data of VT as shown in 
Figure II-5 did not agree with equation (2-16), but the 
following model was found to be a good fit to the experi-
mental VTdata, 
-5.1 
VT = VTOe 
X 10- 15 ~ + 5 1 10-l5 
't' 0o935 X (1-e- o X <f>). 
The discrepance was due to the assumptions of equations 
( 2-13) and ( 2-14) o A further study of VT is needed, but it 
is beyond the scope of this research. 
F. Determination of Fermi Energy Level 
The Fermi energy of a n-type and a p-type semiconductor 
are given, respectively, by the following two equations 40 
Table II-4. Diffusion potential at various neutron 
fluences (T = 300°K) . 
~ SF2523 #40 SF2524 #68 2N914 #7 t---· . 
<P = 0.0 0.9804 0.9609 0.9646 
--r-
<P = 1.0 X 1012 0.9804 0.9609 0.9646 
<P = 5.9 X 1012 0.9791 0.9596 0.9633 
<P = 1.2 X 1013 0.9785 0.9590 0.9627 
<P = 2.1 X 1013 0.9765 0.9570 0.9607 
<P = 3.9 X 1013 0.9726 0.9531 0.9568 
<P = 6.2 X 10 13 0.9672 0.9477 0.9514 
<P = 8.3 X 10 13 0.9625 0.9430 0.9467 
<P = 1.0 X 1014 0.9589 0.9394 0.9431 
<P = 1.8 X 1014 0.9521 0.9326 0.9363 
<P = 2.3 X 10 14 0.9478 0.·9283 0.9320 
<P = 2.9 X 1014 0.9454 0.9259 0.9296 
<P = 3.3 X 10 14 0.9429 0.9234 0.9271 
<P = 4.1 X 1014 0.9405 0.9210 0.9247 
<P = 5.3 X 1014 0.9378 0.9183 0.9220 
30 
31 
N0 (1 + QND) 
=E.+ kT ·log [ 2 ]' 1 e n. (2-17) 
l 
NA (1 + QNA) 
EF =E. + kT · log [ 2 ] , 1 e n. 
l 
where QND = [1 + (2ni/N0 )
2 ] 11 2 , 
QNA = ]1 + (2ni/NA)2]l/2 , 
E. 
l = 
the intrinsic Fermi energy (eV) , 
ND n-type impurity density 
-3 
= (em ) , 
NA impurity density 
-3 
= p-type (em ) , 
n. = the intrinsic carrier concentration 
l 
(2-18) 
-3 (em ) . 
The dependence of the Fermi level on the doping level 
is listed in Table II-5. From the impurity concentration 
data obtained in Chapter II and used in Table II-5, the 
Fermi energies have been calculated. Table II-6 lists typi-
cal EF values for Device SF2523 #40. These EF values were 
used in Chapter IV to calculate the limiting lifetimes which 
were needed in the construction of the desired statistical 
model. 























































NA, ND = impurity density of p- and n-type crystals, 
EFN,EFP = the corresponding Fermi energies. 
EFP NA OR ND EFN EFP NA OR ND 
0.5491 0.2E 10 0.5517 0.5483 0.3E 10 
0.5415 0.2E 11 0.5662 0.5338 0.3E 11 
0.4413 0.2E 13 0.6767 0.4233 0.3E 13 
0.3817 0.2E 14 0.7363 0.3637 0.3E 14 
0.3220 0.2E 15 0.7959 0.3041 0.3E 15 
0.2862 0.5E 15 0.8196 0.2804 0.6E 15 
0.2717 0.8E 15 0.8318 0.2682 0.9E 15 
0.2624 0.2E 16 0.8555 0.2445 0.3E 16 
0.2265 0.5E 16 0.8792 0.2208 0.6E 16 
0.2120 0.8E 16 0.8914 0.2086 0.9E 16 
0.2028 0.2E 17 0.9151 0.1849 0.3E 17 
0.1669 0.5E 17 0.9389 0.1611 0.6E 17 
0.1524 0.8E 17 0.9510 0.1490 0.9E 17 
0.1432 0.2E 18 0.9747 0.1253 0.3E 18 
0.1073 0.5E 18 0.9985 0.1015 0.6E 18 
0.0928 0.8E 18 1. 0106 0.0894 0~9E 18 
0.0836 0.2E 19 1. 0344 0.0656 0.3E 19 
0.0477 0.5E 19 1. 0581 0.0419 0.6E 19 
0.0332 0.8E 19 1. 0702 0.0297 0.9E 19 
0.0240 0.2E 20 1.0940 0.0060 0.3E 20 
-.0119 O.SE 20 1.1177 -.0177 0.6E 20 
-.0264 0.8E 20 1.1299 -.0299 0.9E 20 
-.0356 0.2E 21 1.1536 -.0536 0.3E 21 
-.0715 O.SE 21 1.1773 -.0773 0.6E 21 
-.0860 0.8E 21 1.1895 -.0895 0.9E 21 

























































Table II-6. Fermi energies for Device SF2523 #40 at 
various fluences (T = 300°K). 
~ Emitter Base Collector (eV) (eV) (eV) ) 
cp = 0.0 1.12249 0.1570 0.9010 
cp = l.Ox 1012 1.12249 0.1570 0.9010 
<P = 5.9 X 1012 1.12249 0.1570 0.9009 
¢ = 1.2 X 1013 1.12249 0.1571 0.9008 
¢ = 2.1 X 1013 1.12249 0.1572 0.9006 
<P = 3.9 X 1013 1.12249 0.1573 0.9002 
¢ = 6.2 X 1013 1.12249 0.1575 0.8998 
¢ = 8.3 X 1013 1.12249 0.1577 0.8994 
¢ = 1. 0 X 1014 1.12249 0.1579 0.8991 
<P = 1.8 X 1014 1.12249 0.1585 0.8978 
<P = 2.3 X 1014 1.12249 0.1589 0.8967 
¢ = 2.9 X 1014 1.12249 0.1593 0.8954 
¢ = 3.3 X 1014 1.12249 0.1597 0.8943 
¢ = 4.1 X 1014 1.12248 0.1603 0.8924 
¢ 14 1.12248 0.1612 0.8897 = 5.3 X 10 
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III. ACTIVArl'ION ENERGY OF NEUTRON-INDUCED DEFECT LEVEL 
A. Theoretical Consideration 
5 Sah, Noyce and Shockley pointed out that the thermal 
activation energy of recombination centers could be obtained 
from the slope of a plot of the logarithm of the reverse 
current as a function of the reciprocal of temperature at a 
constant reverse bias. 
8-12 It has been shown that the dependence of the tran-
sistor current at a constant bias on the activation energy 
of the defect can be expressed as 
I= K • T • exp(-ER/kT), (3-1) 
where I = transistor current (amp) , 
K = proportional constant ( amp/°K) 1 
T temperature ( °K) I 
k = Boltzmann's constant (8. 62 X 10-SeV/°K) , 
ER = activation energy (eV) . 
Taking the logarithm of both sides of equation (3-1), one 
obtains 
log I = log K + log T - ER/kT. 
e e e 
( 3-2) 
If two sets of (I, T) data i.e., (I 1 , T1 ) and (I 2 , T2 ), are 




Subtracting equation (3-3) from equation (3-4), 
I2 






Equation (3-5) lS the basic equation used throughout this 
investigation to obtain the values of the activation energy, 
ER, which was employed in building the recombination statis-
tics for the neutron-induced base current component. 
B. Experimental Technique 
41 42 The Automatic Data Acquisition System ' was used to 
measure the base and the collector currents at constant 
emitter-to-base bias for a specified temperature and repeat-
ed for some other temperatures. The temperatures used in 
0°C, l0°C, 20°C and 27°C. From the I-V data for different 
3 
temperatures (see Figure III-1), log(I) versus 10 /T has 
been plotted (see Figure III-2) by machine (Calcomp Model 
556 Plotter), where 10 3/T was used, instead of 1/T, for sea-
ling purposes. 
A computer program using a least-squares fitting tech-
nique was employed to find the best-fit of log(IB)vs 10 3/T 
as shown in Figure III-2. If one chooses l0°C increment in 
temperatures, equation (3-4) can be rewritten, for T > 200°K, 



















Tl < T 2 < • • • < T 10 
VBE (mV) 700 800 
Schematic V-I data at different 
temperatures. 
0- VBE = 500 mV 
.6.- VBE = 600 mV 
0- VBE = 700 mV 











E = 0.1987 · rn - 0.021 (eV), R s (3-6) 
where rn is the slope of the plotted curve (Figure III-2). 
s 
Equation (3-6) was employed throughout this work to ob-
tain the activation energy, ER, which was required for the 
statistical model. The nine epitaxial-planar transistors 
used in this investigation have the ER values listed in Ta-
ble III-1. The activation energy inferred from this process 
23-25 is similar to that reported for neutral vacancy and in-
terstitial annealing. 
The log(IB) versus 10 3 /T curve was obtained for a spe-
cified emitter-to-base bias, VBE. The same process was re-
peated for three different values of VBE. The slight dif-
ference in the three values of ER shows that ER is indepen-
dent of VBE at low to moderate neutron fluences. The three 
different chosen values of VBE are 500mv, 600mv, 700rnv. Ta-
ble III-2 is an example of ER values, at ~ = 5.3 
for three VBE's. 
14 
x 10 nvt, 
Moreover, from Table III-3 in which the activation en-
ergies for Device SF2523 #40 at four different neutron flu-
ences are listed, it may said, (since all those numbers are 
very close to 0.235eV), that the dominant activation energy 
of the neutron-induced defect levels is independent of neu-
tron fluence at low to moderate fluences. 
Table III-1. Values of ER for nine n-p-n Si epitaxial-planar transistors. 
Device 
SF2523 SF2523 SF2523 SF25~3 SF2524 SF2524 2N914 2N914 2N914 
~ No. #40 #46 #47 #48 #62 #68 #4 #5 #7 
(nvt) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) (eV) 
12 0.235 0.229 0.236 0.230 0.235 0.232 0.236 0.234 0.233 I ¢ = 1. 0 X 10 : 
12 I ¢ = 5.9 X 10 0.236 0.231 0.234 0.229 0.230 0.231 0.229 0.231 0.236 
¢ = 1. 2 X 10 13 0.234 0.233 0.238 0.233 0.234 0.235 0.231 0.228 0.231 I I 
I 
13 0.229 0.236 0.231 0.231 0.238 0.233 0.235 0.235 0.229 I ¢ = 2.1 X 10 I 
13 i ¢ = 3.9 X 10 0.237 0.232 0.236 0.232 0.235 0.229 0.237 0.234 0.234 I 
I 13 I ~ = 6.2 X 10 0.238 0.234 0.234 0.234 0.237 0.230 0.231 0.230 0.233 j 
¢ = 8.3 X 10 13 0.234 0.229 0.230 0.236 0.231 0.234 0.228 0.229 0.238 l 
l 14 0.233 0.230 0.236 0.232 0.229 0.237 0.236 0.228 0.237 J ¢ = 1.0 X 10 
14 0.230 0.231 0.233 0.235 0.232 0.234 0.230 0.231 0.234 I ¢ = 1. 8 X 10 I 
¢ = 2.3 X 10 14 0.232 0.235 0.232 0.228 0.236 0.238 0.234 0.234 0.235 I 
¢ = 2.9 X 10 14 0.231 0.232 0.234 0.234 0.232 0.232 0.233 0.237 0.229 
¢ = 3.3 X 10 14 0.236 0.233 0.229 0.236 0.234 0.231 0.235 0.233 0.230 
~ = 4.1 X 10 14 0.229 0.232 0.238 0.235 0.238 0.236 0.229 0.230 0.231 




Table III-2. Activation energies for three diffe14nt v 8 E (Device SF2523 #40, at ¢ = 5.3 x 10 nvt). 
VBE(mV) 500 600 700 
ER (eV) 0.234 0.237 0.235 
Table III-3. .Activation energies at various neutron 
fluences (Device SF2523 #40). 
</> (nvt) 1.0 X 1012 6.2 X 10
13 2.3 X 1014 5.3 X 1014 
E 
R 
(eV) 0.235 0.238 0.232 0.235 
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IV. MINORITY Cl\.RRIER LIFETIMES, Cl\.PTURE CROSS-
SECTIONS FOR HOLES AND ELEC'l'RONS 
A. Minority Carrier Lifetimes 
When a small density of excess carriers is injected, 
40 
th d 't d , h . . 1 -t/T e ensl y ecreases Wlt tlme proportlonal y as e and 
when t equals T~the carriers have decayed to 1/e of the ori-
ginal value. Thus, T is referred to as the lifetime of the 
carriers and is an inverse measure of the· recombination 
rate. 
8-12 Prior to Goben's work, the decrease in transistor 
gain observed upon exposure to neutron radiation had been 
attributed primarily to the neutron-induced reduction in mi-
. 43-47 
nority carrier lifetime in the reglon L d . 48 . an lS polnts 
out that measurement of minority carrier lifetime as a func-
tion of radiation fluence is probably the most sensitive of 
all radiation damage techniques, and that it can be made to 
give good values for the recombination cross sections (crn 
and a ) of radiation-induced defect levels. p 
The expression for minority carrier lifetime, the rela-
tionships of limiting lifetimes (T and T ) with base re-
nr pr 
gion and collector region minority carriers lifetimes and 
other parameters have been derived in detail. They are sum-
marized, for convenience, as follows: 
The lifetime expression is 
T (n + n ) + Tnr(p + pr) pr r ( 4-1) T = I n + p 
41 
and the relationships for the limiting lifetimes arc 
T = 1/NRCP; T 1/NRCn, pr nr (4-2) 
E - E 
T [1 R F) ] , Tc ~ + cxp( kT pr ( 4-3) 
ER + EF 2E. 
TB ~ T + T exp( l} nr pr kT , (4-4) 
where p , n = the hole and electron concentrations that 
r r 
would exist of the the Fermi level coincided 
with the energy level ER of the centers, 
Tpr' Tnr = lifetimes of holes and electrons in highly n-
type and p-type materials, respectively, 
TB = base region minority carriers lifetime, 
TC = collector region minority carriers lifetime, 
NR = concentration of defect centers, 
E. = intrinsic Fermi energy. 
l 
Transistor risetime measurements and diode storage time 
measurements have been made by using a Tektronix 555 
Oscilloscope with Tektronix Type R risetime and Type S re-
covery time plug-in units. From the measured time constants 
associated with the p-n junction devices, the minority car-
rier lifetime in the various regions of the device were cal-
culated. That is, the values of TBE and TBC were calculated 
using data from risetime and storage time measurement49 and 
from these, the base and collector region lifetimes were 
calculated. They are given by 
42 
TB ~ TEB ' ( 4-5) 
TEB • 
(4-6) 
from which the minority carriers lifetimes ln both base and 
collector regions are obtainable. 
The pre-irradiation values of TEB' TBC' TB and TC for 
the nine devices used in this work are listed in Table IV-1. 
Those values were obtained from the fitting curves for the 
observed data by a least-squares fitting. 
. 50 51 The empirical expresslon ' for the relationship of 
minority carrier lifetime with neutron fluence can be writ-







+ K T • <P ' 
where T = pre-irradiation minority carrier lifetime, 
0 
T = post-irradiation minority carrier lifetime, 
( 4-7) 
K = minority carrier lifetime radiation damage factor, 
T 
<P = neutron fluence. 
Equation (4-7) has been tried for the best fit of the 
lifetime fluence data in this work. This paper found that 
equation (4-7) gave a good fit for the data at low to mod-
erate fluence levels (<f> < 7.0 x 10 14nvt). 
The minority carriers lifetime radiation damage factors 
of the devices used in this investigation are listed in Ta-
ble IV-2. 
43 
Table IV-1. Values of TEB' TBC' TB and Tc (at = 0.0) 
Device TEB (ns) TBC (ns) TB(ns) Tc ( J.l s) 
SF2523 #40 122 115 122 1.93 
#46 123 117 123 2.28 
#47 123 119 123 3.56 
#48 130 123 130 2.24 
SF2524 #62 137 121 137 1.03 
#68 144 126 144 0.98 
2N914 # 4 87 79 87 0.87 
# 5 90 82 90 0.98 
# 7 96 87 96 0.96 
Table IV-2. Lifetime radiation damage factors (K , cm2/n-sec). 
T 
Devices K for T TB (x 10-
7 ) K for Tc (x 10-9 ) T 
SF2523 #40 2.31 4.52 
#46 2.29 5.37 
#47 2.29 4.66 
#48 2.23 5.72 
SF2524 #62 2.71 8.58 
#68 2.62 8.02 
2N914 # 4 2.11 12.6 
# 5 2.07 11.1 
# 7 1.82 11.2 
44 
Figures IV-1 and IV-2 show the dependence of minority 
carrier lifetimes on neutron fluence in the base and collec-
tor regions, respectively, for three devices. Curtis 51 ' 52 
reported the dependence of lifetimes on neutron fluence, his 
plot of T vs ¢ has the same characteristics as those on this 
paper (see Figures IV-1 and IV-2) . 
B. The Limiting Lifetimes and Capture Cross-Sections 
Knowing the activation energy ER from Chapter III, the 
Fermi energy EF from Chapter II, and the minority carrier 
lifetimes calculated in Section A, one can obtain the limi-
ting lifetimes by using equations (4-3) and (4-4). Table 
IV-3 shows the calculated T and T at various neutron pr nr 
fluences at 300°K for three devices. 
The capture cross-sections for holes and electrons are 
. 26 48 given by the following equat1ons ' , 
c 
(J = _..E. p v , p 
c 
n (J = -
' n v n 
where a , a = capture cross-sections for holes and p n 
electrons, 
( 4- 8) 
( 4-9) 
C , C = capture probabilities of the sites for holes p n 
and electrons, 
v , v = hole, electron thermal velocities. p n 
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SF2524 #68 K = 8.023 x 10-9 
SF2523 #40 K = 4.516 x 10-9 
2N914 
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4 5 X 1014 
Figure IV-2. Minority carrier lifetime in collector versus neutron f1uence (at 300°K). ~ 0'\ 
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0 
Table IV-3. Limiting lifetimes at 300 K. 
~c SF2523 #40 SF2524 #68 2N914 #7 
Limiting 
¢ lifetimes (lo-7sec) T ·-r T T T l (nvt) nr pr nr pr nr pr 
¢ = 1.0 X 1012 1.209 19.061 1. 394 10.508 0.945 9.668 
¢ = 5.9 X 1012 1.072 16.901 1.181 8.903 0.871 8.910 
¢ = 1.2 X 1013 0.938 14.787 1.003 7.563 0.798 8.164 
¢ = 2.1 X 1013 0.783 12.342 0.810 6.106 0.706 7.225 
¢ = 3.9 X 1013 0.591 9.316 0.591 4.454 0.574 5.871 
¢ = 6.2 X 1013 0.446 7.032 0.430 3.243 0.460 4.706 
¢ = 8.3 X 1013 0.368 5.803 0.349 2.631 0.393 4.021 
¢ = 1.0 X 1014 0.313 4.933 0.294 2.217 0.342 3.498 
¢ = 1.8x 1014 0.202 3.182 0.185 1.396 0.232 2.372 
¢ = 2.3 X 1014 0.162 2.554 0.147 1.107 0.190 1.944 
¢ = 2.9 X 1014 0.132 2.081 0.120 0.904 0.158 1.617 
¢ = 3.3 X 1014 0.118 1.860 0.107 0.807 0.142 1.452 
¢ = 4.1 X 1014 0.097 1. 528 0.087 0.657 0.117 1.197 
¢ = 5.3 X 1014 0.077 1.213 0.069 0.521 0.094 0.961 
electrons were calculated by using equation {4-2) and the 
calculated NR from Chapter II and the values for T pr and 
T 
nr 
The capture cross-sections for holes and electrons 
were then obtained by using equations (4-8) and (4-9), re-
spectively. The thermal velocities for holes and electrons 
used in this work are v = 1.5 x l0 7 (cm-sec-1 ) and v = 2.0 p n 
x 10 7 (cm-sec- 1 ) which are given by Messenger26 . Table IV-4 
lists some typical values for 0p and 0n (for E-B space-
charge region only). Due to the accuracy of the lifetime 
measurements, only the first two digits of the data for the 
capture cross-sections are significant. The results show 
that 0 and 0 remain approximately constant at low to p n 
moderate neutron f1uences. 
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Table IV-4. Capture cross-sections for holes and electrons. 
~ SF2523 #40 SF2524 #68 2N914 #7 
Capture 0 0 0 0 0 0 
cp cross- n p n p n p 
sections 
(nvt) -2 {em ) (10-15) {10-16) (10-15) (10-16) (10-15) (10-16) 
<P = l.Oxlo 12 9.18 1.94 5.32 1.04 8.21 1.88 
<P = 3.9x1o13 9.28 1.93 5.29 1.06 8.18 1.84 
<P = l.Oxlo 14 9.23 1.95 5.26 1.03 8.16 1.86 
<P = 5.3xlo14 9.17 1.94 5.24 1.05 8.17 1.89 
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V. RECOMBINATION STATISTICS - MODEL FI'I'TING 
A. Shockley-Read-Hall Recombination Statistics1- 4 
The recombination-generation of hole-electron pairs in 
semiconductors may take place at certain types of recornbina-
tion centers or traps. These recombination sites may be 
crystal lattice dislocations, impurity atoms located inter-
stitially or substitutionally in the crystal lattice, or 
surface defects. Under steady state conditions a single en-
ergy level recombination center is largely described by 
3 three parameters : the capture cross-sections for holes and 
electrons, and the energy involved in these transitions. 
There are four basic processes involved in the carrier 
recombination-generation through the recombination centers: 
1. If center is occupied by a hole, an electron from 
the conduction band may drop into the center and 
recombine with the hole. 
2. If center is occupied by a hole, the center may 
emit the hole into the valence band. 
3. If center is occupied by an electron, the trapped 
electron may be emitted to the conduction band. 
4. If the center is occupied by an electron, a valence 
band hole may move into the center and recombine 
with the trapped electron. 
These processes are illustrated in Figure V-1. 
The electron capture process is shown in Figure V-1 (a). 
The capture rate is given by 
50 
r =n•N ·C •f 
n R n cp (5-1) 
where f = fraction of centers occupied by holes, cp 
NR = center density, 
n = density of electrons in the conduction band, 
= NCexp[(EF- EC)/kT]. 
The electron emission rate indicated in Figure V-1 (c) is 
given by 
e = a. • f , 
n c 
(5-2) 
where f = 1 - f 
c cp 
= fraction of centers occupied by electrons, 
= a proportionality factor. 
Ec 
J f 
0 0 G G ER 
f l 
+ Ev 
(a} (b) (c) (d) 
(a) electron capture; (b) hole emission; (c) electron 
emission; and (d) hole capture. 
Figure V-1. Four basic recombination-generation processes 
through recombination centers. 
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The number a includes the center density, the total number 
of empty electronics states in the conduction band and the 
probability of electron emission from the center. Under the 
condition of thermal equilibrium, the electron emission rate 
must be equal to the electron capture rate, i.e., equations 
(5-l) and (5-2) are equal. Thus, the Fermi level must be 
coincident with the energy level ER of the recombination 




E - E I 
1 ( R F) + exp kT 
and equating (5-l) and (5-2), one obtains 
a=n ·C ·N 
r n R' 
(5-3) 
(5-4) 
where nr = electron density in the conduction band if ER 
equals EF, 
= NC • exp[-(EC- ER)/kT]. 
Therefore, the net capture rate for electrons by the centers 
under non-equilibrium conditions can be written as 
(5-5) 
Similar procedures may be applied to the case of the 
hole; the net capture rate for holes is 
(5-6) 
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where p = hole density on the valence band, 
= NV . exp [ (Ev - EF)/kT], 
Pr = hole density ln the valence band if E equals ER' F 
= NV . exp [ (Ev - ER) /kT]. 
The net rate of recombination for non-equilibrium, but 
steady-state, conditions is obtained by equating (S-5) and 
(5-6). This leads to 
R = R = R n p 
2 pn - n. l (5-7) = T (n n ) Tnr(p pr) I + + + pr r 
for the steady-state recombination rate for electrons and 
holes. 
The result of these statistics can be applied to cur-
rent carriers both in and outside the transition region of a 
p-n junction. 
B. Sah-Noyce-Shockley Theory of Junction Space-Charge 
Recombination-Generation Current5 
Starting with the exact expression for the steady-state 
recombination rate of the carriers, as given by equation 
(5-7), one can obtain a completely theoretical relationship 
between the current and the applied voltage to the p-n june-
tion. 
The following relationships are substituted in equation 
(S-7) I 
53 
n = n. . exp[q(t)J - cp ) /kT] I 1 n 
p = n. . exp[q(cp - tJ!) /kT] I 1 p 
n = n. . exp [ (ER - E.) /kT] I r 1 1 
Pr = n. . exp [(E. - ER) /kT] I 1 1 
Ec + Ev kT Nc E. = . log (N) = -qt)J. (5-8) 1 2 2 e V 








!.: ( T T ) 2 pr nr 
AA + BB 
t)J = electrostatic potential, 
I 
cpn = quasi-Fermi electrostatic potential for 
electrons, 
(5-9) 
cp = quasi-Fermi electrostatic potential for holes. p 
The recombination-generation current in the space-
54 
charge layer is obtained by integrating equation (5-8) over 
the entire space-charge layer. Consider the case of a one 
dimensional problem; the total recombination-generation cur-
rent in the space-charge layer is given by 
where A is the junction area, and the integration lS taken 
over the space-charge layer. 
The final expression for IBN lS given in the Sah-Noyce-
5 Shockley paper as 
where 
2qnixm 
= IBN k 
( T T ) 2 pr nr 
f(b) r2 = ( z2 
Zl 
qVBE 
b = exp(-2kT ) 
+ 
f (b) . sinh(qVBE/2kT) 
q(VT - VBE)/kT I (5-10) 
dz 
) I 
2bz + 1 
( 5-11} 
ER - Ei 1 






C. The Expression of the Reciprocal Slope Term for the 
Neutron-Induced Base Current Component 




v · cxp (qVBE/nkT) , (5-14) 
where K is a volume damage constant with the units of 
v 
3 2 (amp/em )/(neutron/em ) , and xm(VBE) is the depletion layer 
width of the emitter-base junction. Note that equation 
(5-14) differs from the expression used in prior work 8 - 12 by 
the inclusion of the depletion layer width [which causes 
equation (5-14) to show a volume dependency (xm(VBE) • A ) ] E 
and the change of the area dependent damage constant (K1 ) to 
a volume dependent constant (K ). A value of K was calcu-
v v 
-17 lated as 3.3 x 10 for n-p-n silicon junction transistors 
used in this investigation. 
Taking the derivatives of the logarithm of IBN from both 
equation (5-10) and equation (5-14), one obtains 
dx 
m + SL . 1 
dVBE kT 2 
qVBE 
coth 2kT 





Substituting equation (5-15) into (5-16) 1 yields; 
1 = kT{g_ 
n q kT 
1 qVBE d 
2. coth(2kT) + ~dV--BE-[logef(b)] 
1 





1 1 qVBE 
n = 2 · coth(2kT ) + kT q 
56 
d [log f (b)] 
dVBE e 
(5-18) 
If the emitter-base bias (VBE) is larger than 150 mV at room 
temperature, then (qVBE/2kT) > 4 and coth (qVBE/2kT)" rv 1, and 
equation (5-18) becomes, 
where 
1 = 1 + kT 
n 2 q 
f(b) 
V : V + qkT. d~ [log f(b)], 





+ 2bz + 1 
E - E. T 
(5-19) 
(5-20) 
qVBE 1 b R ~ log (___EE)], 
-
exp (- 2kT ) cosh[ kT + 2 . e T 
nr (5-21) 
T 1/2 q(V - VBE) (....EE) exp[::t. T (5-22) zl,2 = . ] . T 2kT 
nr 
Bartholomew 54 has derived expression for in an n as 
equation (5-19) 1 but with factor of 2/3 in the (kT) ( 1 a 
VBE q VT 
term. There are two reasons which cause the discrepancy in 
the expression. They are 
1. Bartholomew didn't have the correct expression for 
) 
53 the neutron-induced base current component as given by Goben . 
That is, in equation (5-14), he neglected the fact that xm 
is a function of v8E; 
2. In his derivation, he used the expression for 
the depletion layer width x as 29 
m 
57 
= [12c(V _ V )]1/3 
xm qa T BE ' (5-23} 
where a = the impurity gradient. 
Equation (5-23) is not always true for any kind of 
junction transistor, but if one uses a mu.ltivariate least 
squares fitting technique as in this paper, the final result 
is not affected by the form of junction. The author notes 
that upon combining equation (5-15) and (5-16) the result of 
his derivation for n is independent of junction width, xm' 
or the type of junction. The integral given by f(b) in 
equation (5-20) is evaluated under three cases: 
1. when b < 1, it yields 
f(b) 
q(V - VBE) 
211 - b2 • sinh--~~~k=T-----
= ----~1-=-arctan[---------------------------------------l 
11 - b 2' '! I '! 1/2 q (VT-VBE) (~) 1 2 + (~) +2b·cosh 2kT 
nr '!pr 
(5-24) 




3.. when b > 1, it yields 
f(b) = 
( 5-26) 
Equation (5-19) is the theoretical recombination statistical 
model for the reciprocal slope term of the neutron-induced 
base current component. A multivariate least-squares fitting 
technique (reviewed in Appendix G) was used to construct a 
statistical model for the reciprocal slope term from equation 
(5-19) with equations (5-20), (5-21) and (5-22}. The 
resulting statistical model is: 
(5-27) 
Equation (5-27) is the recombination statistical model 
for the reciprocal slope term (n) which predicts the neutron-
induced base current component for n-p-n silicon transistors 
with considerable accuracy. 
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In the prediction for the neutron-induced base current 
t th f 11 . . 8-13 componen , e o owlng equatlon was used, 
(5-2 8) 
The value of 3.3 x lo-17 (amp/cm3/nvt) forK was used, 
v 
xm(VBE) was obtained from the output of the computer program 
which was used in the impurity profile determination from 
capacitance-voltage measurements and n was calculated from 
equation (5-27). 
Three examples are presented (Figures V-2, V-3 and V-4) 
which illustrate the utility of the recombination statisti-
cal model in prediction the neutron-induced base current 
component for n-p-n silicon transistors. 
D. Temperature Dependence of the Reciprocal Slope Term (n) 
In the derived recombination statistical model for n, 
temperature (T) has been implicitly included; thus, the 
dependence of n on temperature is implicitly studied. Figure 
V-5 shows the predicted and observed temperature dependence 
of n, in which Ei - ER = 0.32eV, VT - VBE = 0.48V and crn/ap 
is a parameter. 
Aukerman et a1. 19 point out that the dependence of n 
on temperature appears to result from the effect of band 
tailing within the depletion layer region. They also show 
that the effect of recombination of electrons and holes 
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occupying so-called "tail-states" having an exponentially 
decreasing density of states near the conduction band would 
lead to equation (5-28), provided the reconiliination occurs 
within the depletion layer region. Furthermore, if the 
recombination centers are rather deep, they have shown that 
1 
n - 1 + bkT' (5-29) 
where b is called the exponential fall-off rate for the 
density states. Typical values of b for GaAs as presented 
-1 in their paper lie in the range of 70 ~ 80eV for doping 
levels of 2 x 1o17cm- 3 . 
d . l 53 th . th f Pa ovan1 recent y reports at 1n e case o 
Schottky barrier, n is temperature-dependent and that the 
forward characteristic is more accurately described by 
an equation of the form 
2 qVT qVBE 
I= KT exp[-k(T + T )]{exp[k(T + T )] -1}. 
0 0 
Comparing equation (5-30) with (5-28), one obtains 
T 




By using equations (5-29) and (5-31), the relationship of 
the exponential fall-off rate for tail density states and 
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Figure V-2. Predicted and observed base current versus 
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Figure V-3. Predicted and observed base current versus 
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VBE (volt) ____...., 
Figure V-4. Predicted and observed base current versus 
emitter-base bias (Device 2N914 #7). 
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0.80 
a fa = 





= 10 3 or 10- 3 
= 10 4 or 10-4 
0.74 
10 5 10- 5 = or 
a fa = 10 6 or 10- 6 
n p 
0.72 
VT VBE 0.18 volts - = 
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TEMPERATURE, T (°C) 
Figure V-5. Predicted and observed temperature dependence of 
the reciprocal slope term, n, £or n-p-n silicon 
transistors. 
From n-T data (shown previously in Figure V-5) the exponen-
tial fall-off rate for tail density states was calculated. 
Typical values of b which lie in the range from 72 ~ 97eV-l 
were obtained. If one assumes that equation (5-30) is also 
true for a diffused p-n junction, the result of ll9°K < T
0 
< 161°K is obtained, which is in good agreement with those 
calculated by Padovani 53 for Schottky barrier diodes. 
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VI. SUMMARY AND DISCUSSION 
The neutron-induced base current component was first 
identified by Goben in 1964. It is of bulk and not of peri-
meter origin and must be attributed to recombination-genera-
tion in the bulk space-charge region. The exact nature of 
the recorooination statistics of this neutron-induced base 
current component was not studied by any of the previous 
workers in the area of radiation effects on semiconductors 
devices. As pointed out by Shockley, Read, Hall, Noyce and 
Sah, the four parameters NR, ER' op and on largely describe 
the electrical properties of a defect state. That is, the 
recombination process may be decided by a mathematical mo-
del, recombination statistics, and these recombination sta-
tistics, which depend on the above mentioned parameters, 
will predict the corrent value for n in exp(qVBE/nkT) when 
the model is accurately fitted to the physical process. 
In this work, the impurity profile in the vicinity of 
metallurgical junctions was determined by forward biased ca-
pacitance measurements, and that in the normally ''neutral 
regions" adjacent to junction depletion layers was deter-
mined by reverse biased capacitance measurements. The cal-
culated impurity concentration data adjacent to the june-
tions were then employed in 
2 2 
exp(-LB x ) 
the fitting of N(x) = N • OE 
+ NBC' so that the impurity dis-
tribution of the transistor could be determined. Computer 
programs have been written for these purposes. Typical 
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values of NOE = 
16 -3 1.1 x 10 em , 
20 -3 2.5 x 10 em , NOB = 6.0 X 
2 
and LB 
18 -3 10 em , N 13C = 
6 -1 LE = 1.15 x 10 em 12 -2 = 0.69 x 10 em 
were obtained in this work. From the determined impurity 
profile at various neutron fluences, the defect concentra-





and electrons, k p 
X 108 X N 0.444, 
0 
= 1.8 X 10 8 X N °· 442 0 and 
respectively, were obtained. 
In the determination of impurity profiles from the capaci-
tance-voltage measurements, correction factors were required; 
thus, this paper presents a more complete table of these 
correction factors than that presented by Hilibrand and 
Gold. The dependence of the diffusion potential, VT, on 
neutron fluence was derived as VT = VTO - (kT/q) • Kd • ¢, 
and Kd = 2.71 x lo- 15 (nvt- 1 ) was obtained in this work. 
The activation energy (ER) determined from current-tern-
perature measurements has the value of 0.235eV. This acti-
vation energy was found to be independent of neutron fluence 
at low to moderate fluences. The values of the activation 
energies obtained in this work are comparably close to those 
by other workers. 
The minority carrier lifetimes in base and collector 
regions were calculated from the measured transistor rise-
time and diode storage time by using a Tektronix 555 
Oscilloscope with a Tektronix Type R risetime and a Type S 




K = 2.3 X 10- 7 
T 
2 (em /n-sec) 
= 8.5 X 10-9 (cm2;n-sec) in 
The lifetime damage constants 
in the p-type base region and 
the n-type collector region 
were obtained. From the values of NR, TB' TC' ER and EF, 
the capture cross-section for holes has been calculated as 
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0 p 
-16 -2 15 2 
= 1.8 x 10 ern and o = 8.1 x 10- ern- for electrons. 
n 
The reciprocal slope term, n, in exp(qVBE/nkT) was 
studied in this work, based on the model given for the neu-
tron-induced base component by Goben, on Shockley-Read-Hall 
statistics and on Sah-Noyce-Shockley statistics. A stati-
stical model of n was developed and the dependence of n on 
temperature is correctly given by the model. From the given 
example, it can be seen that this statistical model of n 
g1ves a good fit to those current densities for VBE < 0.75 
volts. Discrepancy between the predicted and observed values 
in the higher injection level suggests there may be another 
neutron-induced base current component which dominates the 
base current in the higher current density range. Addition-
ally emission crowding complicates the study above 0.75V. 
Further study on this phenomenon should be made, and techni-
ques for higher accuracy measurements of minority carrier 
lifetimes should be developed; then a model which will cover 
the entire current density range could be constructed 
easily. 
The model developed in this investigation was derived 
for the n-p-n silicon junction transistors and may be ex-
tended to a more general model for other types of transis-
tors. There are other plausible alternative extensions or 
modifications to the model developed which might also give 
accurate predictions. 
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The effect of band tailing within the depletion region 
has also been studied from n versus temperature cl1aractcr-
istics; the exponential fall-off rate l1as the typical values, 
-1 72 ~ 97eV , for the devices used in this work. Future work 
is also needed to study the exact recombination statistics 
of this tail density effect. 
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APPENDIX A: AUTOMATIC DATA ACQUISITION SYSTEM AND DATA 
REDUCTION TECHNIQUES 
1. General Description 
The Automatic Data Acquisition SystemAl for the meas-
urement and recording of· the voltage versus current charac-
teristics of the test devices used in most of the studies 
conducted is capable of current and voltage measurement with 
an overall absolute accuracy of ±1% of reading and a preci-
sion (repeatability) of ·±0.3% of reading in the range from 
-10 1 10 amperes to 2 x 10- amperes (over 9 decades) . Figure 
A-1 shows a block diagram of the complete Data Acquisition 
System plus the additional facilities necessary for obtain-
ing the V/I Characteristics. Figure A-1 also indicates the 
flow paths for data and control information between the var-
ious equipments. Figure A-2 is a photograph of the system 
as its operation is initiated. 
A2 A3 . The heart of this system is a Control Center ' wh1ch 
controls the programming, measurement and recording sequence 
A2 A3 
of the system. A signal is sent to the Programmer ' to 
program the John Fluke 383B Voltage-Current Calibrator which 
applies an emitter-base bias to the test device which is 
mounted in a sample holder (see Figure A-3) contained within 
The col-a Delta Design MK2310 Temperature Control Chamber. 
lector-base bias is supplied by a manually controlled 
Harrison Labs 865C Power Supply or a digitally controlled 
John Fluke 383B Voltage/Current Calibrator. The currents 
V /I 
DELTA DESIGN MK2300 
Temperature Control Chamber r---------, 
I 
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Figure A-1. Block diagram of the Automatic Data Acquisition System. 
~ 
N 
Figure A- 2. Photograph of initiation of the system for a typi cal data run. 
:x:.r 
:.,.; 
Figure A-3. Photograph of sample holder in its mounting, 
the heat sink standing behind the devices. 
A4 
AS 
A2 A3 are s;cunpled by the Current S<:1mpler ' whose output is am-
plified by a low noise Sanborn Type 860-4300 amplifier and 
measured by a Dymcc 2401C-M31 Digital Voltmeter. The emit-
ter-base bias voltage is measured by a second Dymec 2401C-
M31 Digital Voltmeter. The voltmeter readings are recorded 
along with resistor identification information in digital 
form supplied by the Autoranging Current SamplerA2 ,A3 . This 
information is serialized by a Dymec 2540B Coupler and re-
corded on a Friden Model SFD Flexowriter in both type-writ-
ten form and on punched paper tape. The punched paper tape 
is converted to IBM punched cards on an IBM 047 Tape-to-Card 
Converter, and the punched cards are processed by an IBM 
360-50 Digital Computer. The computer output is the tabu-
lated voltage versus current characteristics and a plot 
(Calcomp Model 566) of the tabulated values. 
To increase the flexibility of the system and to short-
en the time required to change programming, a paper tape 
reader-programmer was added. Since a paper tape reader-pro-
grammer capable of performing the desired functions was not 
available commercially, one has been designed and fabricated. 
The addition of this paper tape reader-programmer permits 
the programming of either or both John Fluke 383B Voltage/ 
Current Calibrators while greatly reducing the time required 
to change from one set of pre-progru.mmed values to another. 
A program wu.s written for the processing of the output 
data from the Automatic Data Acquisition System by the IBM 
360-50 Computer. This program performs four major 
A6 
functions. 
First, computation of device voltages and currents from 
the input voltage and resistance data with corrections made 
for the voltage drop across the current sampling element. 
Second, interpolation is made to values of emitter-base 
voltage which are integral multiples of 10.0 millivolts. 
This interpolation provides a means of comparing currents 
and current gains at fixed values of base-emitter voltage. 
Third, the applied base-emitter voltage versus base and 
collector currents and current gain is provided in tabular 
form together with heading information which includes device 
identification and measurement conditions. 
Fourth, a machine plot (Calcomp Model 566} of input 
voltage versus logarithm of base current and logarithm of 
collector current, with printed device identification and 
neutron fluence, is output for use by the investigator in 
comparison studies. Each plotted page is a 14 x 10 inch 
graph of the form log(I) versus VEE" This program will re-
turn a plot of the logarithms of IB and IC versus VBE for 
each device while a second plot program returns one plotted 
page depicting either log(IC) or log(I8 ) versus VBE curves 
for as many devices as desired. 
The run time for the first plot program is approximate-
ly 2~ minutes per device and the run time for the second 
plot program is approximately one minute per device. 
The test device is located in the Sample Holder, as 
shown at the top of Figure A-1 which is, in turn, inside the 
l\.7 
Delta Design MK2300 'l,emperaturc Control Ch.:mtber. 
'l'he MK2 3 0 0 
is a precision environmental temperature test chamber capa-
ble of maintaining any temperature from -100°F (-73.4°C) to 
600°F (+315.6°C) within ±O.l°C. The forced air circulation 
system is closed and powered by a 140 CFM blower. The cham-
ber lS heated by applying full wave power to a pair of bob-
bin wound nichrome 720 watt heating elements controlled by 
the "heat 11 solid state switch and is cooled by injecting 
liquid co 2 into the air stream through an expansion nozzle 
controlled by the "cool 11 solid state switch. 
Comparing the resistance of a temperature probe to the 
resistance of a "Temperature Set" potentiometer, the con-
troller senses when to apply heat, coolent, or withold both 
so as to obtain and maintain a selected temperature in the 
chamber. 
2. Cyclic Operation 
The data for the base current versus voltage character-
istic and collector current versus voltage characteristic is 
obtained with the device in, respectively, the Base Current 
Measurement Circuit shown schematically in Figure A-4, and 
the Collector Current Measurement Circuit shown schematical-
ly in Figure A-5. The Sampling Resistance appears in the 
measurement circuit as a physical resistance having one of 
nine discrete values, ranging from 17 milliohms to one meg-
ohm, each approximately a decade apart from the next. The 
Sampling Resistance is determined by the parallel combination 
Sarnplino 
Resistance 







Figure A-5. Collector current measurement circuit. 
A8 
~9 
of all resistors which arc in the measurement circuit after 
the autoranging procedure is performed. The value of the 
Sampling Resistance as shown in Figure ~-6 is, therefore, 17 
milliohms. 
The system is designed to perform a particular sequence 
of events in obtaining test data from a semiconductor de-
vice. In simplified terms, the sequence of events for one 
typical cycle of the system is as follows: 
l. With the test device initially in the Base Current 
Measurement Circuit (Figure A-4) and with a partic-
ular value of base-emitter bias and collector sup-
ply voltage applied to the device, the system auto-
ranges selecting one of the nine possible values of 
the Sampling Resistance such that the voltage drop 
across the Sampling Resistance is normally greater 
than 0.5 millivolts and less than 5 millivolts. 
This autoranging procedure has been explained in 
detail in reference A2. 
2. The digital voltmeters encode and their readings 
are recorded. 
3. The device is switched into the Collector Current 
Measurement Circuit (Figure A-5). 
4. The two digital voltmeters again encode and their 
readings are recorded 
5. The device is switched back into the Base Current 
Measurement Circuit (Figure A-4). 
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to the device and the sequence is repeated. 
These steps define one cycle of the system. The system 
continues cycling in this manner until all of the required 
pre-programmed values of VBE (59 values of VBE are available 
if needed) have been used. 
The collector supply voltage, Vee' can be set manually 
before a test run in which case it remains constant during 
that test run, or a series of voltages can be programmed for 
a test runJ In this second case, the emitter supply voltage, 
VBE' is usually held constant. 
An additional method of operation allows one to measure 
base current only or collector current only. This method of 
operation is selected by the MODE switch on the front panel 
of the control center. 
1\12 
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APPENDIX B: CAPACITANCE-VOLTAGE MEASURING SYSTEMS 
Two systems were used for the measurement and recording 
of capacitance versus voltage dataB 1 . The alternative ca-
pacitance measuring systems use a Micro-Instruments Model 
1201DS Digital Capacitance Tester as the basic measuring ln-
strument. A Dymec 2901A Master Scanner/Programmer and a 
Dymec 2902A Slave Scanner/Programmer are used for control 
and programming. The Dymec 2901A Master Scanner/Programmer 
and the Dymec 2902A Slave Scanner/Programmer are electroni-
cally controlled stepping switches which provide automatic 
scanning of 25 signal inputs each. The test devices in the 
alternative systems are mounted in a Delta Design MK2310 
Temperature Control Chamber (see Appendix A). 
The digital Capacitance Tester is a direct reading high 
speed instrument for accurate capacitance measurements. A 
guarded two terminal test jig is permanently attached to the 
front panel of the instrument. This test jig is guarded 
with a signal similar to the test signal to neutralize the 
capacitance effects of the component leads; thus the instru-
ment measures direct capacitance rather than grounded capac-
itance. Three BNC coaxial connectors for remote or special 
test jigs are provided on the front panel. The connectors 
provide for a test signal, a guard signal and a return for 
use with remote or special jigs. The Coarse Zero Control 
may be used to neutralize up to 100 pF of capacitance added 
by the cable and jig. 
I32 
A digital output connector is provided on the Digital 
Capacitance Tester. This connector provides a print conunand 
signal as well as digital information to operate the Hewlett-
Packard R66-562AR Digital Recorder. The recorder is con-
trolled by means of a "Print" switch located on the front 
panel of the instrument. The output is BCD 1248 logic. 
In the first alternative capacitance measuring system, 
a start command advances the scanner/programmer which digi-
tally programs a voltage or current on a John Fluke 383B 
Voltage/Current Calibrator. This voltage or current is ap-
plied to the device under test. A capacitance reading is 
taken by a Micro Instrument Digital Capacitance Tester 
1201DS and recorded on a Hewlett-Packard R66-562AR Digital 
Recorder together with the applied voltage which is measured 
by a Dymec 2401C-M31 Digital Voltmeter. The printed record 
is punched on IBM cards and processed by the IBM 360-50 
Digital Computer. 
in Figure B-1. 
The block diagram for the system is shown 
Alternatively, when the Automatic Data Acquisition System 
described in Appendix A lS not in use for voltage-current 
measurements, the Dymec 2401C-H31 Digital Voltmeters, Dymec 
2540B Coupler and Friden SFD Flexowriter may be used as the 
output medium. For this mode of operation the frequency 
output (proportional to capacitance) of the Micro-Instru-
ments 1201DS Capacitance Bridge is measured by one of the 
DVM's in the Automatic Data Acquisition System while the 
other DVM measures the potential applied to the device under 
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Figure B-1. Capacitance-voltage measurement system. 
B3 
B4 
test. This information is then serialized by the Dymec 
25408 Coupler and then printed as output by the Friden SFD 
Flexowriter on both punched paper tape and typewritten copy. 
Data processing is accomplished in a similar manner to that 
described for the Automatic Data Acquisition System. The 
block diagram of the alternative system for the capacitance-
voltage measurements is shown in Figure B-2. 
To facilitate the inter-connection of the Automatic Da-
ta Acquisition System and the Capacitance-Voltage System for 
this alternative mode of operation, a single cable was con-
structed carrying all data, control and signal lines. When 
the two systems are used separately, shorting plugs are 
placed over the chassis connectors on the two systems. 
135 
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APPENDIX C: MINORITY CARRIER LIFETIME MEASUREMENT 
1. Reverse Recovery Characteristics of Diodes 
When a diode lS switched from conduction in a forward 
bias to a reverse bias condition, instead of a high impe-
dance immediately appearing across the diode, a momentary 
low impedance, which is indicated by a very low voltage a-
cross the diode, immediately occurs after the switching. 
This is due to the storage of minority carriers in the semi-
conductor material. 
As the junction is suddenly reverse biased the excess 
minority carriers must either be swept out of the junction 
or recombine with excess majority carriers before a high re-
verse impedance can be obtained. 
A typical display of diode reverse recovery character-













Typical display of diode reverse recovery 
characteristics. 
three areas of particular interest. These areas are desig-
C2 
nated by A, B and C. The sudden voltage drop at area A oc-
curs at the time when forward conduction ceases. During 
forward conduction, this voltage drop is produced by the in-
ternal series resistance across the diodec1 . When forward 
current is cut off, this voltage drop disappears, producing 
the voltage step. Immediately after the sudden drop at area 
A the voltage decays exponentially for a relatively long pe-
riod of time (area B) . During this interval, minority car-
riers in the semiconductor material are being swept out by 
the reverse current. The length of time required for the 
reverse current to remove the minority carriers gives an in-
dication of the amount of charge stored in the material. 
The stored charge is found to be proportional to the forward 
current passing through the junction just before the diode 
is switched off. If zero reverse current is drawn from the 
diode, the voltage decay is due entirely to the recombina-
tion of minority carriers. By measuring the rate at which 
the voltage across the diode decays for this case, the ef-
fective lifetime can be found. 
When the minority carriers in the semiconductor materi-
al have either been swept out or have recombined, the deple-
tion region increases at the junction due to the movement of 
the majority carriers away from the junction. Further re-
verse current is then required to charge the capacitance of 
this depletion region (area C). This accounts for the rise 
in voltage across the junction. The junction capacitance is 
also dependent on the voltage. The capacitance does not re-
C3 
main constant, but varies with the voltuge across the junc-
tion. 
2. The Effective Lifetime of Minority Carriers 
During the period of forward current conduction, excess 
minority carriers are injected into the semiconductor mate-
rial. These excess minority carriers are in addition to the 
normal number of minority carriers present at room tempera-
ture due to the formation of electron-hole pairs. The ef-
fective lifetime of these excess minority carriers is the 
time required for the number of the minority carriers to de-
crease to 36.7% (1/e) of the original number after termina-
tion of the forward current. The effective lifetime ex-
presses the relative rate at which the minority carriers re-
combine and is a constant for a given diode at a particular 
absolute temperature. It does not depend on either the for-
ward or the reverse current drawn from the diode. Effective 
lifetimes should be specified with the temperature at which 
the measurements were made. 
When the measured time (t) is small compared to the ef-
fective lifetimes T and where kT/q is much smaller than the 
voltage across the diode, the approximation for the effec-
Cl 
tive lifetime shown below holds : 
kT T :::= (C-1) q 




In equation (C-1), it is assumed that t is small com-
pared to T. This means that the decay rate of the voltage 
across the junction should be measured just after the for-
ward current is switched off. Mathematically stated, 6V/6t 
should be measured as t ~ t , where t is the time when the 
0 0 
forward current is switched off. The assumption that kT/q 
is much smaller than the voltage across the diode also holds 
quite generally as t ~ t . 
0 Therefore, equation (C-2) should 
be rewritten as: 
0.026 
(6V/6t) t ~ t 
0 
(C-3) 
Figure C-2 shows a typical waveform used to measure the 
effective lifetime of minority carriers. The Tektronix Os-
C2 
cilloscope Type 555 with the Tektronix Type S Recovery-
time plug-in Unitc 3 is used for the measurements. 
Figure C-2. Tangent line for calculating the voltage 
decay rate across the diode. 
The waveforms used to measure the effective minority 
carrier lifetime were photographed by a Tektronix Type 100 
cs 
camera with a Polaroid back. The pictures for each device at 
both emitter-base and collector-base junctions have been 
taken at every irradiation step. Figure C-3 shows two typi-
cal pictures which are used to illustrate the decrease in 
minority carrier lifetimes. 
3. Minority Carrier Lifetimes in the Base and Collector 
Regions of a Junction Transistor 
For measuring the lifetimes of a transistor, both the 
emitter-base and collector-base junctions can be treated as 
diodes. Using the method described above, the values of TBE 
and TBC for the emitter-base and collector-base junctions, 
respectively can be calculated. The minority carrier life-
times in the base and collector regions are TB and TC' re-





Equations (C-6) and (C-7) were used to calculate the 
minority carrier lifetimes of a transistor throughout this 
investigation. 
C6 
~ = 0 
T ~ ~~~0~·~0~2~6 __ __ 
(0.05). (0.6 ) 
(0 . 1).(1.6) 
~ 139 . 2 ns 
~ = 6 X 101 3 nvt 
0.026 T z ~--~~~----(0 . 05). (0. 4 ) 
(0.1 ) . (0 . 2) 
z 26 ns 
Figure C-3. Photographs from which measurements of TBE at 
two difference f l uences are made. 
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APPENDIX D: NUCLEAR REnCTOR FACILITY AND IRRADIATION 
PROBLEMS 
1. Nuclear Reactor Facility 
The neutron irradiations used in this investigation 
were performed at the Research Reactor of the University of 
Missouri-Rolla. This reactor is used both for laboratory 
training and research by the faculty and students of the 
University of Missouri-Rolla and other nearby universities. 
A table of the major reactor characteristics of the Research 
Reactor of the University of Missouri-Rolla is illustrated 
in Figure D-1. 
The Research Reactor of the University of Missouri-
Rolla is a "swimming pool" type reactor, installed in a win-
dowless, concrete, brick and steel structure. The pool con-
sists of a thick walled pit, 19 feet long, 9 feet wide and 
27 feet deep, containing 32,000 gallons of pure water. The 
reactor core is suspended near the bottom of the pool and is 
covered with some 19 feet of shielding water. The water is 
dGntinuously purificid by an ion exbhange~which removes cat-
ions and anions, preventing corrosion and contamination. 
The reactor grid plate, containing several rows of 
holes and 22 fuel elements, is a racklike aluminum tray. 
Open positions in the grid plate are available as sample 
holders in experiments. Position B2, (see Figure D-2). 
which is mapped for fast flux irradiations, was used in this 
experiment. The maximum fast flux (E > O.OlMeV) available 
Type Swimming pool type (modified BSR-type), housed in a windowless, 
concrete, brick and steel structure. 
Core -----------------------------: Heterogeneous 90% U-235 enriched uranium oxide-Aluminum-water. 
Moderator ------------------------: Light water. 
Reflector ------------------------: Light water. 
Coolant --------------------------: Light water. 
Biological shield ----------------: Light water and normal concrete. 
Critical mass--------------------: Approximately 2.7 kilograms of U-235. 
Power level ----------------------: Up to 200 kw. 
Maximum thermal flux -------------· 
12 2 1.5 x 10 neutrons/em -sec. 
Maximum fast flux (E > 10 keV) ---: 2.25 x 1011 neutrons;cm2-sec. 
Fuel elements --------------------: MTR type; each fuel element has 10 fuel plates, each plate approxi-
mately 17 gms of U-235. Each fuel element is 3"x 3"x 36". The 
reactor has 22 full fuel elements: 1 left hand half elements, 2 
right hand half elements, and 4 control rod elements(3 shim-safety 
rod, 1 regulating rod). 
Auxiliary equipment Neutron diffraction multi-channel analyzer, nuclear counting equip-
ment; neutron generator, subcritical assembly, neutron chopper. 
Figure D-1. Table of technical data for the UMR Research Reactor. 
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at 200 kW for position B2 is 2.25 x 10 11 neutrons/cm2-sec. 
Nickel foils were used to determine the fluence levels 
for each irradiation. Dosimetric measurements for the neu-
tron irradiations were performed at the reactor. 
I 
A photograph of the sample holder which was used for 
the transistors in all the irradiations is shown in Figure 
D-3. 
2. Irradiation Problems 
The transistors used in this neutron radiation effects 
study were irradiated in a double-walled aluminum sample 
holder having the inner space filled with boron carbide. 
The boron carbide shield is needed to allow on,ly fast neu-
trons (E > lOkeV) to bombard the devices. Boron carbide has 
a high capture cross-section for slow (E < lOkeV) neutrons. 
The aluminum used in the fabrication of the sample 
holder contained impurities whose radioactive half-life was 
long compared with aluminum. As a result, the sample holder 
could not be removed from the pool until this radioactive 
decay decreased to a point which was considered safe. A 
cadmium cylinder was used to shield the sample holder from 
the thermal neutrons causing this activation. This allowed 
the samples to be removed from. the pool on the day that they 
were irradiated. 
At higher fluence levels, the temperature inside the 
sample chamber would tend to increase, requiring a flow of 


















cool the devices. This coolant was necessary to insure that 
annealing did not take place during irradiation. 
Further complications were presented by the reactor be-
1ng operated at 200kW in other experiments which raised the 
I 
water temperature at times to as high as 57°C. This requir-
ed the use of nitrogen coolent as long as the devices were 
in the reactor pool, otherwise, annealing would have taken 
place. 
APPENDIX E: HISTORY OF THE RESEARCH IN THIS AREA 
The observed decrease in transistor current gain re-
sulting from exposure of transistors to neutron irradia-
t . El h d ' th .. ~on a , ~n e past, been attributed primarily to the 
neutron-induced reduction in minority carrier lifetime in 
El 
the base region, that is, to the resultant reduction of the 
base re~ombination termE2-E 6 • Recent investigationsE?,ES 
have shown that the fall off of the transistor current gain 
at low currents in non-irradiated transistors is caused by a 
reduction in the emitter efficiency. This suggested that 
emitter efficiency was - important in transistor gain 
changes resulting from irradiation. To ascertain the role 
of emitter effeciency, a more detailed study of the degrada-
tion of transistors in a radiation environment was required. 
Such a study was reported by Goben and SmitsE9 in 1964. 
Several components of base current have been identi-
fied in non-irradiated transistors. The first of these, the 
bulk recombination-generation current, or the ideal diffu-
sion current for uniform base transistors was first suggest-
ed by ShockleyElO and later extended to the non-uniform base 
situation by Moll and RossEll. It has a voltage dependence 
of exp(qV/kT). The second component is a recombination cur-
rent in the transition (space-charge) region. The voltage 
dependence of this second component approximates exp{qV/2kT) 
at low current densitiesE12 • A third component, the surface-
perimeter component, has been found to originate at the 
E2 
perimeter of the ernitterE?,ES,ElJ, that is, where the emit-
ter-base junction intersects the surface. Iwersen et al.E7 
suppressed this component by placing a guard ring on the e-
mitter and applying a bias from emitter contact to guard 
ring. The voltage dependence of this particular component 
r 
of current is as exp(qV/nkT), where n is approximately 
1.5. A fourth component, the surface current, sterns from 
surface channels and varies with voltage as exp(qV/rnkT), 
where m is usually between two and four for silicon junc-
tions, although values larger than four have been noted for 
large channelsE?,El2 ,E13 • 
As was shown in the work by Goben and SrnitsE9 , neutron 
radiation of p-n junction devices produces a component of 
current which varies as exp(qV/nkT), where n is approximate-
ly 1.5 at room temperature and varies from 1.3 to 1.7 as the 
temperature ranges from 100°C to -50°C. This component of 
current is induced in the bulk transition region and domi-
nates the transistor current gain over a wide range of cur-
rent levels. These findings implies that emitter efficiency 
played a much more important role'in radiation-induced 
changes in current gain than had been assumed in the past. 
ElO In 1949, Shockley pointed out that the injected rni-
nority carrier current in the base of a transistor depend-
ed on the ratio of the minority carrier mobility to the base 
doping, i.e., the sheet carrier density. Shockley further 
pointed out that, in the absence of collector multiplication, 
the collector current is simply the injected minority 
E3 
carrier current modified by a recombination term, the base 
transport factor (base recombination term), which accounts 
for the carriers which recombine in the base region. The 
base current is composed of this recombination current, the 
space-charge recombination current, and the surface recombi-
nation current. Shockley then derived an expression for the 
current gain which ignored these fundamentally different 
currents. 
Ignoring these different components of current appar-
ently led previous researchers in the field of radiation be-
havior of transistor current gain to erroneous conclusions. 
From Shockley's work, it may be seen that the best ap-
preach for studying the emitter efficiency in a p-n junction 
device is to ignore the simple expressions for emitter effi-
ciency presented in the literature and instead study the e-
mitter efficiency in terms of the components of current as-
sociated with the p-n junction. 
Much work has been done on both permanent and transient 
radiation effects on semiconductor materials and semicon-
ductor devicesE1 • A very small amount has involved detailed 
examination of the degradation of transistor current 
gainE2-E6 Most of the investigations have centered on char-
. l b" d" . El4-E23 
acterizing parameters at part~cu ar ~as con ~t~ons , 
or in measuring the effects of radiation on bulk semiconduc-
tor materials. 
Transient radiation effects in semiconductor materials 
and devices are associated with the creation, by ionization, 
E4 
of excess hole-electron pairs. Transient radiation effects 
disappear after the exciting radiation is removed in times 
on the order of the minority carrier lifetime. Permanent 
radiation effects are associated with damage to the lattice, 
whether or not the damage anneals out with time and temper-
E23 
ature. Sander _has recently shown that significant an-
nealing is completed in times of the order of tens of sec-
onds after the irradiation is stopped. HoodE25 found the 
remaining damage to be stable at room temperature with less 
than a three per cent change in 3,000 hours although recent 
t d . E26 . d' h 1 h s u ~es ~n ~cate a somew at arger c ange. The permanent 
damage with which this research is concerned is the room tern-
perature stable permanent damage. 
Crystal lattice defects caused by radiation damage act 
as recombination sites and hence decrease the minority car-
rier lifetime. Crystal lattice defects, through impurity 
scattering and compensation of shallow impurities, reduce 
the carrier mobilities and the carrier concentration. Fast-
neutron irradiation is particularly damaging to crystal lat-
tices because thousands of atoms may be removed from their 
1 f . 1 11' . E24 lattice sites as the resu t o a s~ng e co ~s~on • 
LoferskiE2 , in the first investigation (1958) of tran-
sistor current gain degradation, employed the simple ex-
. E27-E32 h press~on for emitter efficiency involving only t e 
ratios of the sheet resistivities of the base and emitter 
. E33,E34 reg~ons He concluded that the emitter efficiency 
would be negligible. By using a linear dependence of the 
ES 
reciprocal lifetime on neutron fluence, Loferski modified 
Webster's equationE28 to include fluence and concluded that 
the reciprocal of the common-emitter current gain should 
vary linearly with fluence. Discrepancies between theory 
and experiment were attributed to experimental error and the 
use of incorrect values for the constants in his theoretical 
expression. 
E3 Messenger and Spratt , in their analysis (1959) of 
transistor gain degradation caused by neutron bombardment, 
again assumed the emitter efficiency to be essentially inde-
pendent of neutron fluence. The theoretical analysis con-
sisted of applying Shockley-ReadE3S,E36 statistics to 
Webster's equation. From this analysis, Messenger and 
Spratt were able to calculate the energy of an assumed sin-
gle level for the recombination sites. The recombination 
sites were assumed to be in the bulk base region and to act 
only through lifetime degradation. Cross-sections for in-
teraction with the mobile carrier were also calculated. 
Discrepancies between theoretical and experimental results 
were attributed to lack of precise knowledge of the life-
time damage constant and to experimental error. 
Easley and DooleyE4 (1960) assumed the emitter effi-
ciency to be independent of neutron flux, and further as-
sumed that the emitter efficiency and collector multipica-
tion factor were equal to unity. Thus, the common-base cur-
rent gain reflected only the base transport factor (base re-
. E27-E32 
combination term). The express~on for the base 
E6 
recombination term was modified to exhibit a dependence on 
neutron flux by assuming a flux dependent lifetime and an 
electrical base width that varied with irradiation resulting 
from change in the carrier concentration. The expression 
which Easley and Dooley derived simplified to a linear de-
pendence on flux for the assumption of fluxes too low to 
cause appreciable carrier removal. Experiments to verify 
the theory were carried out in a steady state reactor, with 
measurements made in-core. Disagreements were attributed to 
partial annealing of the radiation damage during bombard-
ment. 
In-a·later analysis (1964) of neutron degradation of 
transistor current gain, HoodES allowed the emitter effi-
ciency to vary with neutron fluence by the inclusion of the 
back-injection current term and a simplified form of the 
Sah-Noyce-ShockleyE12 expression for the normal bulk space-
charge recombination-generation current term. The back in-
jection into the emitter is normally negligible because of 
the high doping in the emitter, and the normal bulk space-
charge recombination current is negligible at emitter-base 
biases greater than 0.3 volts. The discrepancy between 
Hood's theoretical and experimental results was greatest, 
where it would be expected to be the least, at low current 
levels. The discrepancy was attributed to neglecting.the 
collector leakage current in his analysis. 
In 1964, GobenE9 ,E37 reported a base current with a 
voltage dependence of exp(qV/nkT}, n ~ 1.5, which was 
E7 
observed to increase in proportion to neutron fluence upon 
exposure to neutron radiation. From a study of the base re-
sistance through which this current component flows, 
GobenE9 ,E 37 showed that this component is of bulk and not of 
perimeter origin and must be attributed to recombination in 
the bulk space-charge region. This current component domi-
nates transistor gain over a wide range of current density 
and is primarily responsible for degradation of transistor 
current gain by decreasing the emitter efficiency. GobenE38 , 
in the analyses of the deviation of the characteristics from 
an exponential caused by the emission concentration in 
11
ring-dot" structures and the transverse bias dependence of 
the base current components for a special 11 tetrode-type 11 
test structure, found that the small "1.5 component,. of cur-
rent initially present is indeed of surface-perimeter origin 
while the added "1.5 component" of current induced by neu-
tron bombardment is of bulk space-charge origin. An inves-
tigation was made of many different types of silicon tran-
sistors, and all were found to exhibit a similar neutron-
induced component. In this work, GobenE 38 also found an ap-
parent difference in annealing rates for the neutral base 
region and the space-charge region of the emitter-base june-
tion. 
Recent work by Goben et al.E39 indicated, from a. study 
of base and collector current as a function of the emitter-
to-base voltage, that tPe neutron-induced base current had 
components originating in the emitter space-charge region as 
E8 
well as the neutral base region. At low injection levels 
the neutron-induced base current was dominated by the space-
charge component, whereas the high injection behavior appear-
ed to be controlled by recombination in the neutral base re-
gion. Additional experiments performed in special tetrode 
transistor and van der Pauw-type sample indicated.that 
changes in collector current were dominated by recombination 
in the neutral base, while changes in base doping and mo-
bility had only a secondary effect. These conclusions were 
reached from experiments on transistors with a ring emitter, 
on tetrode-type test transistors, and on special Hall-effect 
devices. 
Chott and GobenE40 in a recent study (1967) found indi-
cations that the origin of the anomalous annealing was one, 
or a combination, of the following mechanisms: a quasi-
tunneling recombination phenomena in the emitter-base space-
charge region, or a dependence of the neutron-induced defect 
centers on the p-n junction field. A field dependence ap-
peared to be present, but it was not certain whether the 
quasi-tunneling phenomena occurred, although it was shown 
that it is possible for such phenomena to occur. The annea-
ling characteristics of the defects causing changes· in the 
collector and base currents were obtained. Three sets of 
devices were irradiated and then annealed, with one set 
having a forward bias during annealing, one set having no 
bias, and one set having a reverse bias. The dependence of 
the field on annealing was present but appeared quite 
E9 
complex. The presence of the externally applied field dur-
ing annealing appeared to enhance the annealing of neutron-
induced defects regardless of whether the junction was for-
ward or reverse biased. 
While studying the transient annealing effects in semi-
E41 conductor devices,· Sander and Gregory recently discovered 
that p-type material is very sensitive to the minority car-
rier injection level and the room temperature annealing rate 
can be increased by the presence of minority carriers. The 
injection dependence of n-type material is very small and is 
in the opposite sense (i.e., the room temperature annealing 
rate can be decreased by the presence of minority carriers). 
This behavior can be correlated on the basis of the hole-to-
electron ratios of the different material types and resis-
tivity. 
BassE 42 in his recent work of neutron damage and annea-
ling in silicon found the carrier removal rate and the annea-
ling behavior of n-type semiconductor to depend on the cry-
stal growth method. A slight dependen~e on the dopant im-
purity was observed in vacuum-float-zone material, but car-
rier removal in p-type semiconductor was not influenced by 
the growth method of the dopant impurity. 
Curtis and GermanoE 43 recently investigated the depen-
dence of carrier lifetime on excess carrier density for bulk 
n-type and p-type silicon materials. Their results showed 
that the lifetime was constant at low excess densities, in-
creased to a value several times larger at excess densities 
ElO 
near the equilibrium carrier density, and then decreased. 
In fitting the model for lifetime versus excess carrier, an 
activation energy of 0.32eV above the valence band or 0.3SeV 
below the conduction band was found to give the best fit. 
CurtisE44 concluded that recombination was dominated by 
sites within defect clusters, and that there was no depen-
dence on oxygen concentration or type_of defect inn-type 
material. A very small dependence on dopant was noted in 
heavily doped p-type material. It was also concluded that 
it was impossible to fit all the experimental data with a 
single level recombination model. A two level model for re-
combination processes in neutron irradiated materials and 
devices was proposed by MessengerE 45 • This model success-
fully explained the previously published experimental data 
for lifetime, lifetime damage constant as a function of re-
sistivity, lifetime damage constant as a function of injec-
tion level and temperature. Two deficiencies in Messenger's 
model should be noted: 1) the two level model is an ap-
proximation to a very complicated defect structure which is 
known to contain many levels; 2) there are several plausible 
alternative extensions and modifications to the one level 
model which might also resolve its contradictions with the 
experimental data. 
A computer program was written by Gwyn, Scharfet~er and 
wirthE46 for the prediction of transient and permanent radi-
ation damage in p-n junction devices. The program automati-
cally solved the Poisson's equation and the continuity 
Ell 
equations over a one-dimensional region. It included non-
linear mobility, lifetime and the Shockley-Read-Hall recom-
bination statistical mode1El 2 ,E35 • The program should pre-
dict the electrical properties of a defect state with con-
siderable accuracy. 
E26 Frank and Taulbee in their recent study of transis-
tor current gain prediction after neutron irradiation found 
that carrier injection and elevated temperatures in normally 
biased transistors can produce 20-25 percent less measured 
damage than in passively irradiated devices. Room temper-
t 1 . E4 6 f d b 15 20 t a ure annea 1ng was oun to e - percen over a pe-
riod of several weeks whereas high carrier injectionE 26 was 
found to produce a temporary 10-15 percent increase in da-
mage. Their workE26 also shows that silicon junction capa-
citance at low voltage is frequency dependent after large 
neutron exposures. 
E47 The accumulation of positive charge has been report-
ed previously as the dominant.mechanism responsible for the 
surface effect in 6xide-passivated de*ices. The existenc~ 
of the positive charge effect and the introduction of accep-
tor-like surface recombination states has been demonstrated 
by MaierE48 recently, and the additional surface recombina-
tion statesE48 are shown to be the dominant mechanism for 
the surface effect in oxide passivated devices. 
El2 
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APPENDIX F: BACKGROUND OF THE PROBLEM 
One important limitation of transistors operated in a 
neutron environment is the decrease in transistor current 
gain observed upon exposure to neutron irradiation. This 
reduction in current gain results from the degradation of 
minority carrier lifetimeFl-F5 in the base region (that is, 
to the resultant reduction of the base recombination 
termFl-F5 ) and to the reduction in the emitter efficien-
cyF6-F9 F8 F9 In Goben's work ' , it was shown that the emit-
ter efficiency is indeed a very sharply decreasing function 
of neutron fluence and is responsible for a large fraction 
of the neutron degradation of transistor current gain. Sev-
eral facts have been concluded from Goben's work. They are: 
1. Degradation of parameters in the base region due to 
neutron bombardment is similar to that of pararne-
ters in bulk material. 
2. The base recombination term did degrade with neu-
tron fluence, but not as substantially as had been 
assumed in the pastFl-F5 • 
3. A base current component is induced when the tran-
sister is exposed upon neutron bombardment. 
4. This neutron-induced base current component has an 
emitter-to-base voltage dependence of exp(qVBE/nkT); 
n is approximately 1.5. 
5. This neutron-induced component is of bulk origin 
rather than surface origin, as may have been 
assumed from its voltage dependence. 
6. The effect of this neutron-induced component of 
base current ·is the degradation of the emitter 
efficiency. 
F2 
The analytical relationship between the in.crease in 
base current and neutron fluence, ~, is givenF8 by the equa-
F9 tion below , 
(F-1) 
where xrn(VBE) = depletion layer width (ern), 
KV ~damage constant (3.3 x l0-17amp/crn3;nvt), 
~=emitter area (crn2), 
~=neutron fluence (nvt), 
VBE =emitter-to-base voltage (volt), 
n ~ 1.5 at T = 300°K. 
This neutron-induced base current component has been ob-
servedFS over several decades in current and dominates tran-
sister gain over a wide range of current density (e.g., from 
-9 -4 10 to 10 amp for epitaxial-planar transistor 2N914). It 
is primarily responsible for degradation of the transistor 
current gain by decreasing the emitter efficiency. 
Steady-state recombination statistics of electrons and 
holes have been developed by Shockley, Read and Hall, and 
are called Shockley-Read-Hall StatisticsFlO,Fll It is as-
surned that the recombination-generation of electrons and 
holes in semiconductors may take place at some type of re-
combination centers or traps. These sites may be lattice 
F3 
dislocations, impurity atoms located interstitially or sub-
stitutionally in the crystal lattice, or surface defects. 
Recombination may also occur directly with the emission of 
light or by the three particle process (Auger process)FlO 
with the third carrier carrying away the energy. There is 
insufficient informationF12 about the Auger process in semi-
co d to S Th f b . FlO . l d . n uc r • ere are our as~c processes ~nvo ve ~n 
the carrier recombination-generation through the recombina-
tion centers: 1) electron capture; 2) hole emission; 3) 
electron emission; and 4) hole capture. Under steady-state 
conditions, a single energy level recombination center is 
FlO largely described by three parameters : the capture cross-
section for holes, the capture cross-section for electrons, 
and the energy involved in these transitions. 
Fl2 13 . Sah, Noyce and Shockley ' po~nted out that the 
measured p-n junction current-voltage characteristics de-
viated from the ideal case of the diffusion modelFlO. Sah 
et al. have derivedF12 a physical theory for p-n junctions 
taking into account the recombination and generation of the 
carriers in the space-charge (or transition) region. This 
model accounts for the nonsaturable reverse current and also 
predicts an apparent exp(qV/nkT) dependence of forward cur-
rent in a p-n junction. The increase of the emitter effi-
ciency of silicon transistors with emitter current was ex-
plained by the relative importance of the diffusion current 
outside the space-charge region and the recombination cur-
. h h . Fl2 Th 1 f dFl2 rent ins~de t e space-c arge reg~on ey a so oun 
that the most effective energy level for the recombination 
centers is a few kT from the intrinsic Fermi energy level. 
F4 
Based on the Shockley-Read-Hall statistics, MessengerF14 
proposed a model for neutron-radiated germanium; the posi-
tion in the forbidden band of the recombination site was EC 
- ER = 0.23eV, and the capture cross sections of the site 
for electron and hole capture were o z 4.0 x lo-15 (cm2 ) and 
n 
-15 2 
op z 1.0 x 10 (em), respectively. This model predicted 
that the interstitial atom acted as a donor, and the vacancy 
as an acceptor. There are many "radiation-induced energy 
levels" in the forbidden band in siliconF15 ; the recombina-
tion levels are known to exist at the center of the band and 
were foundFlS to be 0.37eV above the valence band. At low 
bias levels recombination centers present in the emitter di-
ode field region cause a very large decrease in current 
gain. At higher levels of emitter bias current, recombina-
tion centers present in the base region cause a reduction in 
. Fl5 Fl6 d t 1 1 d 1 current ga~n • Messenger propose a wo eve mo e 
which resolved the contradictions inherent in fitting ex-
perimental data for neutron irradiated silicon to the one 
level models previously used. But the two level model has 
two substantial deficiencies: 1) it is an arbitrarily cho-
sen approximation to a very complicated defect structure 
which is known to contain many levels; 2) there are certain-
ly several other plausible alternative extensions or modifi-
cations to the one level model which might also resolve its 
contradictions with experimental data. 
FS 
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APPENDIX G: A SHORT REVIEW OF STATISTICS REGRESSION 
MODELS - LEAST-SQUARES FITTING 
Gl 
In a system in which variable quantities change, it is 
of interest to examine the effects that some variables exert 
(or appear to exert) on others. There may in fact be a sim-
ple functional relationship between variables; in most phys-
ical processes this is the exception rather than the rule. 
Often there exists a functional relationship which is too 
complicated to grasp or to describe in simple terms. In 
this case we may wish to approximate to this functional re-
lationship by some simple mathematical function, such as a 
polynomial, which contains the appropriate variables and 
which graduates or approximates to the true function over 
some limited ranges of the variables involved. By examin-
ing such a graduating function one may be able to learn more 
about the under lying true relationship and to appreciate 
the separate and joint effects produced by changes in cer-
tain important variables. 
Two types of variables are used in a statistical model. 
They are independent variables and response variables, or 
dependent variable·s. If the model is in the form: 
(G-1) 
where y and x are the dependent and independent variables, 
respectively and they are observable quantities, p
0 
and p 1 
are called paremeters which are to be estimated by 
G2 
statistical least-squared fitting, and £ is the random er-
ror. 
When someone says that a model is linear or nonlinear, 
he is referring to linearity or nonlinearity in the parame-
ters. The value of the highest power of an independent vari-
able in the model is called the order of the model. For 
example, 
(G-2) 
is a second-order linear regression model. The methods used 
for both linear and nonlinear parameters estimations are 
discussed briefly in the following sections. 
1. Least-Squares Fitting to Linear Regression 
One defines Y to be the vector of observations y, X to 
be the matrix of independent variables, p to be the vector 
of parameters to be estimated, and E to be the vector of er-
rors. Thus the model in matrix form can be written as: 
Y = XP + E, (G-3) 
so that the sum of squares of deviation is: 
m 
S = .E ~=1 
2 £, 
~ 
m m 2 
= ~ __ E1 (y ~ - E X •• p.) I 
...... ...... i=l ~J J 
where m = number of observations, 
n = number of parameters. 
(G-4) 
It is desirable to choose the estimates B(a Vector) to have 
GJ 
the values which result in the least possible value for s. 
One can determine B by differentiating equation (G-4) with 
respect top's, respectively, and setting the results equal 
to zero. This yields 
X'XB = X'Y. (G-5) 
These are called the normal equations (X' is the transpose 
of matrix X). 
The least-squares estimates of p's are given by 
B = (X'X)-l X'Y, (G-6) 
if X'X is a non-singular matrix. The function used for pre-
diction is in the form 
Y = XB. (G-7) 
2. Non-Linear Estimation 
Suppose the nonlinear model is of the form 
(G-8) 
or in a shorter form 
y = f(X, P) + £. (G-9) 









To find the least squares estimate, B, one needs to 
differentiate equation (G-10) with respect to P. This pro-
vides the normal equations, which must be solved for B. The 
normal equations take the form: 
m 3f{X.,P) 
i~l [yi - f(Xi' B)] [ o ~ ]p=b = O. 
r 
(G-11) 
In some nonlinear problems it is most convenient to 
write down the normal equations {G-11) arid develop an iter-
ative technique for solving them. vfuether this works satis-
factorily or not depends on the form of the equations and 
the iterative method used. In addition to this approach 
there are several currently employed methods available for 
obtaining the parameter estimates, by a routine computer 
calculation. Three of these are: 1) linearization {or Tay-
lor series), 2) steepest descent, and 3) Marquardt's corn-
promise. 
The nonlinear estimates used in this paper are the lin-
earization method which requires the initial guesses of the 
1 . 1 d . . . Gl parameters and the ana yt~ca er~vat~ves • 
Both the linear and nonlinear least-squares parameters 
estimating programs used to obtain the.models in this re-
search were written in Fortran IV language and ran on the 
IBM system 360 (l.fod 50) computer. 
GS 
Example - Derivation of equation (5-27) 
In the derivation, log f(b) was treated as the dependent 
variable, that is, yin equation (G-8), and ER, Ei' (ap/an)' 
VT and VBE were the independent variables as Xi in equation 
(G-8). Them sets of data (Yj' xlj' x 2 j' x 3 j and x 4 j; 
j = 1, m) were generated, as follows, by 
1. assuming values for ER, Ei' (apjan)' VT and VBE' 
and calculating z 1 , z 2 and b by .equations (5-22) 
and (5-21), 
2. calculating f(b) by either equation (5-24) or 
(5-25} or (5-26), decided by the calculated value 
of b from step 1, 
3. calculating logef(b) for a set of ER' E., (c fa}, l. P n 
VT and VBE" 
The assumed values forE, E., (a 1~ }, VT and VBE are R J. p n 
listed below 
ER = 0.15, 0.23, 0.36, 0.8 
E. = 0.55, 
l. 
(a ;a } = 3 0 , 12 0 , 18 0 , 3 0 0 , 
p n 
= 0.98, 0.68, 0.63, ?·54, 
= 
0.3, 0.4, 0.5, 0.55, 0.6, 0.70, 0.75. 
Therefore, m was equal to 448 (= 4 X 1 X 4 X 4 X 7). 
With m sets of data, 
assumed, 




+ o • V . • log [a ;a ) 1/2 + (a ;a ) 1/2] 
BE e p n n p ' (G-12) 
then the multivariate least-squares fitting technique was 
used to determine a, s, y and o in equation (G-12). Finally, 
equation (G-12) was substituted into equation (5-19) to 
yield equation (5-27). 
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APPENDIX H: FOru1ULAE DERIVATIONS 
1. General Consideration of Minority Carrier LifetimesHl 
From Shockley-Read-Hall StatisticsH2 ,H3 , it can be as-
sumed that the density NR of the recombination centers is 
small compared to the equilibrium concentrations of carri-
ers, n and p. Furthermore, it is assumed that the centers 
all lie at a dominant single energy value ER in the forbid-
den band. The net recombination rate R, which is equal to 
the capture rate of the centers less the emission rate, of 
the centers is determined as indicated in the following par-
agraphs. 
First, consider the case of the electron. The Fermi-
Dirac function f(E) represents the probability that a state 
at energy E is occupied and [1- f(E)] is the probability 
that the state is empty. The net electron-recombination 
rate is 
(H-1) 
where NR[l - f(ER)] = number of empty centers -3 (em ) , 
occupied -3 NR f (ER) = number of centers (em ) , 
R = net electron-recombination rate n 
-3 -1 (em -sec ), 
c = the capture probability of the centers n 
for electrons 3 (em /sec) , 
n = the electron concentration 
-3 (em ) , 
e = the thermal emission rate for n 
H2 
electrons (sec-1 ). 
Similar results can be obtained for the case of the 
hole, with the exception that the capture rate is propor-
tional to the number of filled centers. Likewise, the ernis-
sion rate for holes is proportional to the number of empty 
centers. Thus, the net hole-recombination rate is given by 
(H-2) 
where the notations have their definitions corresponding to 
those for the electron in equation (H-1). 
Under the nonequilibrium condition, the net recombina-
tion rate for the electrons and that for the holes must be 
equal to each other, that is, 
(H-3) 
Solving equation (H-3) for f(ER), one obtains the prob-





In the final expression of the net recombination rate 
R, one would like to eliminate the emission-rate parameters, 
en and ep. This can be achieved by considering the condi-
tion at equilibrium. 
At equilibrium, the net recombination rate must be 
zero. Therefore, if the Fermi level is adjusted such that 
EF = ER' the emission rates for electrons must equal the 
free-electron concentration n times their capture probabil-
r 
ity C , that is, 
n 
The emission rate for holes is given by 
e = p C , p r p 
(H-6) 
(H-7) 
where Pr is the hole concentration that would exist if the 
Fermi level coincided with the energy level ER of the recom-
bination centers. In other words, 
Ec - ER 
nr = Nc . exp(- ) I kT (H-8) 
E - Ev 
exp ( R Pr = NV . ) . kT (H-9) 
Substituting equations (H-6) and (H-7) into (H-4), and 
then (H-4) into equation (H-5), and after some algebra, one 
obtains 
R = C (n + n) + C (p + p )' 
n r p r 
with the definitions for limiting lifetimes, viz., 
T pr 
1 
T = nr 
1 




and the relationship of nr • Pr 
be rewritten as follows 
2 
= n. ' ~ equation (H-10) can 
The lifetime has been defined as 
f).c 
T = R' 
(H-12) 
(H-13) 
where [).c = [).p = [).n (due to charge neutrality), and repre-
sents small departures from the equilibrium value. Perform-
ing the differentiation by considering 
n + n + [).n(or, n +[).c), 
p + p + [).p{or, p +[).c), ( H-14) 
where n and p on the right hand sides are the equilibrium 
values, from equation (H-13) one can write 
1 
- = lim T [).c+O 
R(n + f).c, p + [).c) - R(n, p} 
f).c (H-15) 
substituting equation (H-12) into (H-15}, one can obtain the 
HS 
final expression for the minority carrier lifetime as 
T = 
T (n + n ) + T (p + p ) pr . r nr r 
n + p (H-16) 
2. The Limiting Lifetimes and the Capture Probabilities of 
the Centers for Holes and Electrons 
The electron and the hole concentrations are givenHl by 
the following equations, 
Ec - EF 
n = Nc . exp(- ) , kT (H-17) 
EF - Ev 
p = NV . exp(- ) , kT (H-18) 
where EF is the Fermi energy level for the thermal equili-
brium conditions. Let E. represent the intrinsic Fermi en-~ 
ergy, from equations (H-8), (H-9), (H-17) and (H-18), the 
following relationships can be easily obtained, under the 
assumption that NC = NV, 
ER- EF 
= exp ( kT ) , (H-19) 
n ER + E - 2E. r F ~) , (H-20) 
= exp( kT p 
Pr E - ER F {H-21) 
= exp ( kT ) ' p 
Pr 2E. - E - EF 
exp{ ~ R {H-22) and, = kT ) . n 
H6 
Consider the case of heavily doped n-type material, with EF 
> Ei and n >> P (or, n + p ~ n), by equations (H-9) and 
(H-22), equation (H-16) becomes 
E - E 
T ~ T ( 1 + ( R F) ] • pr exp_ kT (H-23) 
Similarly, for the case of heavily doped p-type material, 
the following equation holds, 
T = T + T 
nr pr 
ER + EF - 2E. 
exp( 1 ). kT (H-24) 
Equations (H-23) and (H-24) are assumed to be true also 
for npn transistors, that is, if -r8 and TC represent the mi-
nority carriers lifetimes in the base and the collector re-
gions, respectively, then one has the following relation-
ships 
E - E 
T (1 + R F) ] ' 
-rc ~ exp ( kT pr 
ER + E - 2E. F 1) • (H-25) TB ~ Tnr + T exp ( kT pr 
The limiting lifetimes are those of holes in highly n-
type material and those of electrons in heavily p-type mate-
rial; they are defined as 
Tnr = 
1 
N C ' R p 
(H-26) 
H7 
where NR is the concentration of recombination centers 
(cm- 3 ) , and CP and en are the capture probabilities of the 
centers for holes and electrons, respectively, (cm3-sec-1). 
C and C differ from each other due to the differences in P n 
the effective mass values for holes and electrons. 
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